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Preface 



Ttds book is intended a& an Introdiictor)^ text on the application of field cfiFcct 
transiscors (FETs) as frequency multipliers and harmonic oscillators, with the 
proper combination of theory and experimentation rhat will enhance learning 
and maintain interest, without extensive mathemaTics deixactmg from ^linda- 
mental concepts and design rules. Moreover, the numerous illustrative design 
examplcii maJ^e this osefiil as 3 reference or supplementary book for any graduate 
Cpurse on nonlinear microwave design; or a self-teaching text for srudents 
desiring to gain familiariry on large signal operation of microwave transistor 
circuits. 

The area of Gallium Arsenide MEtal Semiconductor Field-E^Fecr 1 ransis- 
tor (GaAs MESFET) technology has undergone remarkable growth and devel- 
opment so that it became cost competitLve to build functions wuh such devices 
tliat were traditionally perfortned by other devices like Schottky diodes. Varactor 
diodes, bipolar devices^ etc., with considerable improvements on electrical 
performance. Therefore, besides employing transistors as amplifiers and osctlk- 
tors, one will find in the titeratiue frequenc)^ muhiplicrs, frequency dividers, 
phase modulators, frequency mixers, and switches, just to name a few. In spite 
of the different objective of each of these applications, they all share a common 
property %vhich is the application of the device in very large signal operarions, 
exploring the device s noniinearit}^ to perform muhiplication and generation 
of harmonics. 

This book is mainly concerned with the techniques required to eflficiendy 
generate harmonics and emphasizes hardware circuits, not physics or mathemat- 
ics. However, to properly foOow the text, ic is assumed there is a sound 
understanding of electronic circuir fundamenrals, including diodes and FETs, 
a good knowledge of high frequenc}^ circuits, such as transmission lines, micro- 
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wave amplifiers and osdlbtors, and graduate-levd mathematics including Fou- 
rier analysis basics. 

Following an intjoductory chapter on the applicatbn of frequency rauJri- 
pliers on telecom municadofi systems, and the devices used to perform such 
functions, nonlinear device modeling is introduced in Chapter 2 and the most 
used analytical approaches are anal)'zed and compared. 

In Chaprer 3, simple low frequency models are used to describe the 
multiplier operation. The reason to use such models is that basic graphic 
analysis can be employed to demonstrate ciuTenr and voltage waveforms inside 
the device. This chapter is crucial if one is to perform the first fundamental 
step in multiplier design: selecting a transistor and determining rhe adequate 
bias. It aJso provides procedures for determining and extracting the basic 
parameters of frequency mtilripliers. 

In Chapter 4, the nonlinear high-frequency models are considered, and 
tte effect of parasitics on the gate and drain ciicmts are thoroughly discussed. 
The unavoidable fedback introduced by the paras i tics or added to the circuit 
aie a\so discussed and thdi effect on tht^ multiplier performance is demonstrated,- 
The circuh stabilit)^ is included in this analysis and is an important design 
parameter. In this chapter the reactances are analysed and their etTect on d\e 
circuii design is demonstrated. 

The design strategies for noniir\ear circuits, includiiig !inearv7-ation, direct 
nonlinear synthesis, computer optimization, and harmonic load ptdl are intro- 
duced in Chapter 5^ A.n cKample of an appUcation of die linearization technique 
is presented with a significative importance: One can design a freqttency doublet 
linearizing a MESFET dc model using only linear circuit analysis. The 
direct synthesis approach is also exemplified in die design of a frequency rripler. 

Chapter 6 is devoted to harmonic oscillator design, where oscillator dieor^^ 
and frequency multiplier theory have to be joined in otder to develop a 
component capable of performing a dual ilinction. An application example 
demonstrates the efficacy of the design approach. 

A large number of frequency muhipliers topologies aie given in Chapter 
7i either ro tamiliarize the reader with the options commonly found in the 
literature or ro corroborate known topologies with simulated restdts. Most of 
the examples are for discrete components design but some examples of MMIC 
designs with commercially available MMICs are ^hdwn. A few examples of 
harmonic oscillators complete the chapter. 

The content ol' this book is an outgrowth of my experience on nonlinear 
design that started ^t the Centre National D'Etudes des Telecommunications 
(CNET), ioQired in Lannion, France, in the eariy 1980s. It also represents a 
recollection of lecture notes taught by the author in graduate courses at the 
University of Sao Paolo, Brazil, and the results on research work developed at 



Laboratorio de Microelerronica (LME) at the same university. It represents the 
interchange of knowledge among my students, contributors from France, Dr. 
Robert Scares, Dr, Michel GoloubkofF, my Former mentor-teacher from Brazil, 
Dr. Jose Kleber da Cunha Pinto, Dr. Fatima S. Correra at the UnWcmty of 
Sao Paulo, and Dr. Amarpal Kliarma at Hewlett Packard in Santa Clara, 
California, I remain indebted to all of them for the direct or indirect help they 
gave me in the preparation of this book, 

A special acknowledgment is due to Dr. R. A. Perichon from University 
of Brest and my advisor at CKET, During the prepaTatit)n of this book he 
was a serious and construccive critic who gave important suggestions that 
enriched this work. .Another engineer thai deserves to be acknowledged is Luiz 
Antonio Ra^era for his contribution in the realization of an adequate manu- 
script, I can't see bo^w this work could have bcert completed withoui his help. 

Edmar Camargo 
San Jose, California 
September, 1998 
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introduction 

A key element in radio systems is the availabilicy of a "clean" local oscillator. 
The word "clean" means a signal free from any sort of spurious frequencies 
generated by natural and man-made sources. Most noises are generated external 
to the signal source and are eliminated through a correct filrering. The remaining 
sources of noise are due to the oscillator active device and the techniques used 
to design the local oscillator. The quahty of a signal generator can be evaluated 
according to either its long-term or short-term stabiIit>^ Long-Ecrm stability 
refers to changes in rhe frequency over a reasonable time duration. The frequency 
drift observed for a few minutes due to thermal effects is a good instance of 
long-term stability. Another example of such stability is the frequency drift 
due to circuit aging, an importani phenomena in crystal oscillators. Short- 
term stability refers to lovy^ frequency or phase modulation of die generator. 
They usually result from random phenomena, are also known as '*phase noise^^ 
of a generator, and correspond in the frequency domain to the sidebands 
located abov^ and bdow the main signal centered at frequency depicted in 
Figure 1.1(a). 

This t)'pe of noise is important in radio sys[ems since k cannot be 
''filtered/' Ic may eventually be down- con verted, and fall into the intermediate 
frequency (IF) baud, degrading system noise performance. This degeneration 
is even more critical in digital systems because the down -con verted noise is 
detected in the demodijlator generating jitter in the recovered digital signal, 
shown in Figure 1.1(b). The toleration of such interfering noise depends 
on the modulation scheme. The most common digiraJ modulation schemes 
employed in digital radios are binary phase shift keying (BPSK), quadrature 
phase shift keying (QPSK), and m-qiiadraru re amplitude modulation (mQAM) 
where m stands for the number of symbols, specify-ing how the carrier phase 
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Amplitude Amplitude 




(a) Frequency domam (b) Time domain 



Figore 1,1 Phase nfiise on a local oscillator. 



and amplitude are modulared* Each of these svstems is plonrd on an I-Q 
diagram (Figure L2). In this duigram, each point \s the resuh of vectot addition 
of L in-phase and Q, quadrat lire- phase components. In the first two, only the 
phase is modulated while in the third, both phase and ampUtudc are modulared- 
In principle, as long as the decision boundaries are respected, the jitter is 
acceptable. Figure 1.2 shows die diagram of simulations on a demodulated 
BPSK, QPSK and 16 QAM signals^ whose source [1] was subjected to a phase 
modulation of 5.53 degress. Other factors such as spurious frequencies, thermal 
noise, and AM-PM conversion are not con^sideted in this example. 

From this set of figures ir is obvious that a BPSK-modulated signal can 
tolerate more jitter than a 16 QAM one. In the larrer it is evident that boundaries 
arc being crossed, resuldng in inrer-symbol interference and an increase in the 
probability ol errot during transmission* which is ustially specified in terms 
of bit error rate (BER), For this reason, digital commLinicadans equipment 
specifications are ver)^ demanding on low-phase noise. They are specified in 
terms of dBc/Hz related to an offset frequency [torn die carrier. A summar)^ 
[2] of the noise specs for mm- Wave radios for the most common modidation 
schemes are listed in Table L 1 . The requirements tor more complex modidation 
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(a)BPSK 



(b) QPSK 



(c) 16 QAM 



Figure M Jftter on a demodulatad digital signal. (Bepn'nted with permission fmm 
Microwave Journal, July 1977). 
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Table IT 

Phasa Noise Specifications for Digital Radicis 



BPSK 


-65 dBc/H2 ^ 


D 100 kHz 


QPSK 


-90 dSc/Hz t 


^ 100 kHz 


16QAM 


-90 dBc/Hz ^ 


1? 10 kHz 



like 16 QAM are so srringent that phase noise has to be specified closer to 
the carrier. 

Obtaining these specifications in mm-Wa%'e frequencies with a fundamen- 
tal oscillator is a challenge if system cost tradeoffs are made. Although it may 
be technically possible to build a fixed frequency cavity-runed generaror that 
provides the above specifications, it will not be accepted by radio systems where 
agile sources are required to ease implementation of tadio links. Therefore, 
the traditional solution of generadng a low frequency low noise source followed 
by frequency multiplication, as illustrated in Figure 1.3, Is a preferred solution 
by radio manufacturers. In spice of the phase noise degradation given by the 
reiarion lOlogioA^, where is the multiplication order, this soiurion gives a 
good compromise berween cost and final phase noise in many radio systems. 
However, diis degradation may preclude the use o\ frequenc)^ multipliers, 
especially in the case of high multiplication order. 

The advantage of such a scheme is clarified by Figure 1.4, where a 
fundamental VCO is compared to a VCO followed by a ttmes 4 multiplier, 
k can be obser\^ed char mm- Wave fundamental oscillators perform poorly 
mainly for two reasons: (1) degradation of the Q-facror of the rank circuit at 
those frequencies; and (2) the technology employed in high-frequency devices 
cauJies high \lf\\o\%t, contributing to the degradarion of irs performance. This 
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Figure 1.3 Generation of a dean signal. 
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Figure 1^4 Phase noise: fundamentaj sayrce and multiplied source. 



trend is also valid for niiilti pliers of difFcrent orders, where the phase line slope 
will change accordingly. 

Anothei interestLng system applicaiion of a multiplkr b the derivation 
of a local osciliacor coherent with a fundamental one, as exemplified in Pigixre 
L5. This figure shows the up-conversion of a modulated carrier to mm- Wave 
by use o( a dual-conversion approach. The advamage ot such a system is the 
use of a higher IF frequency at the second conversion easing rhe task of building 
very sharp fihers and avoiding excessive leakage of the LO signal at the output. 
Thar is a cost effective solution since only one oscillator is needed, and the 
second is generated by a multiplier which is a much simpler circuit. 

There are two conventional approaches to generate a frequency multiplier: 
harmonic generation by nonlinear conductance, and harmonic generation by 
nonlinear reactance. The former employs a Schorrky- barrier diode to create a 
half- wave sinusoid that is rich in even harmonics. The latter uses the notiLinear 
capacitance ot a varactor diode to generate harmonics, which can also be used 



Mixerl Filter 1 Amplirierl Mixer2 Filter 2 



• riiiiB 



'I 




LO 



X J 

Multiplier 




Aiiiplifijec2 



Figure 1*5 Use of a muttipiier in a duaJ up-conversion system. 
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as an up-coiiverrer^ or as a parametric amplifier. These multipliers are typically 
highly efficienr due to low losses, and are capable of providing power in the 
order of watts. However, they generate significantly more phase noise [3] than 
muhi pliers based ou nonjinear conductance. Higher amplitude modulation 
(AM) to phase modLdanon (PM) conversion efficiency, as well as charge fluctua- 
rions produced by changes in minority carrier liferimes, are suspected to cause 
this difference. Schottky diodes have low flicker noise and essentiaJly no minor- 
ity carrier storage, and are therefore more adequate to low-phase noise frequency 
tniikiplication. 



M Phase Noise Fundamentals 

The signal from a generator can be the resiJt of amplitude modulation and 
frequency or phase modulation of a carrier by the noise vectors and K/i^/, 
which are represented in Figure 1 .6. The carrier is a pure sinuiroid of fixed 
amplitude, Frequency ;md phase, while the noise vectors are of much lower 
amplimde, and dieir magnitude and phase vary randomly. 

The phase modulation originates frorn the low frequency noise of the 
oscillator active device. At these frequencies, the noise vector power is inversely 
proportional to frequency: close to dc the noise decreases propordonal ro 
II f r an eflfecr known as frequency moduhtted flicker mise; then it decreases 
proportional to 1//", due to frequency modulated white noise, Tliis rype of 
noise connnues to decrease and crosses frequency, fx, denominated comer 
frequency^ where rhe AM noise level is greater than the FM level and is constant 
over freque^c)^ The comer firequency is in the range ot kHz, and above that 
frequenc)' the FM noise is negligible compared to rhe AM noise. Thcrefore^ 
the oscillatOT phase noise can be explained as a result oi the nonlinea^r n^iture 
of oscillators, which up-converts the low frequency noise, resulting in the two 
side bands close to the carrier. This effect is illustrated in Figure L7 where 
the AM noise is not multiplied but added to the oscillator spectrum. 




Re 



Rgurel.6 Amplitude and phase modulation of a carrier. 
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A simple mathematical treatment [4] to saidy noise in oscillators can be 
obtained from the miplkude ^nd phase modul-AtioTi of a carrier described by 

KU) - K^rfl + m(r)]cQs[27rf,i ^ (M) 

where, 

m(t) = amplitude modujadon 
^jfU) = phase moduJarion 

Neglecdng the amplitude modulation, the frequency modtdanon of a signal 
carrier,/-, by a sinusoidal of frequenc)^ is defined by { L2) , and the frequency- 
phase relation vs given by the integration of frequency in time: 

fU) = 2rrf, + IirA/^^cxysairfl^i^ (1.2) 
<^^{t) ^ jlwfityt (13) 
Performing the integration and inserting into (T.l), results in 

- V;cos[2r/;f + iAf^y/J smilwf^t)] {I A) 

where, - 



f 



= signal carrier frequency 
j]^ = modulating frequency or offset frequency from carrier 
Vj{f) = amplitude of the signal 
4»p{t) = instantaneous angle modulation 
^/pcik = maximum freqitency deviation 
^jpcaii(/w Pm ^ frequency modidanon index 

Equation \A may be written in the form 

V^{t) = V^^cos{2rrf^t)cQs[J3sin(27Tf,^t)] - l^^5in{27r/^if)sin[/3sin(2i?r/;,f)] 

Now the cos(y9sm(277/,;;/)) and sin(jScc>s(2 7r/^^jr)) funcdons may be 
expanded as Fourier series whose coefficients are ordinary BesscI fimctions of 
the first kind with argumeni 0. These functions are described by 

€osl^sin(27r/^r)] ^ X 27,(/3)cost7?27r/,,/) (L6) 

Substitudng (1.6) and (1.7) into (L5) and expanding, the producrs of 
sines and cosines results 

y,-M = ^'ca;/.(/S)cos(27^/,^) + 

X Kar//^)[cos(2i7(/; + ,jf,„]t) - cos(27r{/,- nfjt] + (1.8) 

X V'carAfjS)[cos(2ir(/, + nfjt] + cos(2'Fr( nfjt] 

The phase noise corresponds to a carrier frequency modulated by a single 
tone frequency, yj^p with a very low modulation index, P< 1. Therefore, only 
the first two terms of (1.8) need to be considered* so that die resuldng spectrum 
consist of the carrier and two line spectra located at frequencies ( fc + f^f^) and 
( ^ fm)^ ^ shown in Figure 1.8. Under these conditions, it is demonstrared 
that the following approximations can be made 

Aim - ^ (1-9) 
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f-f f f+f f 



FigirreU Phase noise spectrum. 

The single side band pha^ie-noise to carrier ratio is obtained by dividing 
the upconvcrced voltage ai either (/^ +fm) if^-J]^) by the carrier voltage, 
as shown in (l,lO)i 



VssBfVs -0.3{A f^^/f;,) 



OAO) 



where» VssB corresponds to the amplitiide of the singie-sideband noise. 

Extending the freqiiencv' components of the modulating; signal from zero 
frequency up to the y^^j frequency, the modulating signal becomes noise, whose 
power densic}^ is described by (l.ll). It is normal practice to square that 
expression to transform the voltage ratio into a power ratio and express \i m 
terms of decibels: 



n/J = WlogiVssEfVX = 201og QS{Af^^/fJ 
. -6 dB + 201og(Aype,k/A) 



(UIl) 



The phase noise power at a distance f„j from the carrier is depicted In 
Figure [,9 and is measured in a 1 Hz bandwidth. 




Figure 1.B Phase noise power 
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The convenient form of (IT I) allows the Increase in phase noise to be 
calculated when the frequency of a signal is multipUed, When a signal, 
f± Afi is multiplied by a factor N, the frequency deviation is multiplied by 
the same amount, but the rate of modulation remains the same, rberefore, 
relating {I TO) for the original Af^f^, and the multiphed frequenc)' deviation, 
^A/p^ak^ one obtains: 

f{Nf)i/\f) - 20 log{7V///) - ^0 logCWl (ITI) 

A more complete treatment 1.51 of noise degradation in frequency multipli- 
ers 15 given by the noise transmission matrix, (IT3), This equation is valid if 
the noise i$ Gaussian and is starionary. 







T 1 













{1.13) 



The coefficients represent amplitude and phase modulations, jind 

the AM and PM nobe presem in the signal applied to the multiplier arc 
represented by and respectively. The transmission matrix indicates 
the con%^ersion coefficients (PM to PM, AN4 to AM, AM to PM. PM to AM) 
at a given modulation frequency. In an ideal multiplier, 7^^ = = 1 and 

7^ = 7^^ - 0. Thusj the phase noise is degraded by rhe mulriplication factor 
arid all other levels remain constant. Experimental measurements in FET 
frequency multipliers show that this is a good description of noise degradation 
for frequency doublets. Por higher order muhiplieris it has been observed that 
7^ ^ 0, so that there is an additive phase noise degradation due to AM to 
PM conversion, which increases when the active device is driven into deep 
saturation. WhUe the phase noise is a concern at frecjuencies close to the carrier, 
the AM noise is important at frequencies far away from the carrier. In real 
circuits, T^^^ is also proportional to jV, and the factor 7^^ represents the gain 
compression characteristics of the multiplier. Thus, amplitude noise is also 
degraded when processed by a multiplier. If the multiplied signal is amplified, 
then the noise power from the amplifier is added to the multiplier noise. 
Therefore, a multiplied source presents a performance opposite to thai described 
by Figure 1.4 widi respect to noise far from the carrier: The AM noise is higher 
compared to fundamental oscillators at the same frequency. In communication 
systems the amplitude degradation is not so important, since this type of noise 
can be fJtered before being applied to a mixer. Its effect is fiirther minimized 
if balanced mixers are employed. 
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A low phase noise source is dependent on the following key parameters: 
die choice of rhe active device, the choice of the resonaran and the mediod 
by which chey axe coiipled rogedier. The choices on active devices are many: 

• Silicon bipolar junction transistors; 

• Heterojunction bipolar rransistors; 

• HBTs; 

• The FET femily: GaAs MESFETs, HEMTs {high electron mobility 
rransistor), and PFiEMTs (pseudomorphic HEMT); 

• Gunn diodes. 

The bipolar devices and Gnnn diodes are the ones offering lower \lf 
noise, thus* the better choices for low phase noise. Gunn diode oscillators have 
iraditionaHy been reasonably quiet souices av high fTeqiiencves, bui they suffer 
from microphonics, temperature effects, controllability, and other factors. FET 
devices have been successfiiily employed in tha design of high frequency timda- 
mentaJ oscillators, but they are quite noisy even when coupled to very high 
**Q" cavities. Silicon BJTs art; che best devices for oscillator application, but 
their frequency of operation is limited ro the top of X-band. fhis problem is 
overcome by cascading them with frequency multipliers. 

Low-phase noise oscillators use a high Q-fac-ror resonator, or tank circuit, 
whose coupling co the active device circuit is designed in such a way chat the 
Q- factor degradation is mintm^il. The availabihiy of high dielectric constant 
material and its application as a tank circuit led to the development of dielectric 
resonator oscillators (DROs). They present low phase noise at low cost, but 
their tunabilit)^ is limited which restrict their appNcarion in digital radios. 
Conventional LC resonators built with varactors present octave bandwidth 
tuning widi a reasonable phase noise. Usually such sources are employed when 
phase noise in the order of —85 dBc/Hz @ fin - 100 kHz is acceptable. A 
ferromagnetic resonator built with a Ytrium iron garnet {YIG) crystal possesses 
a high unloaded can be tuned over a wide range of frequencies, and presents 
noise levels of —80 to --90 dBc/Hz @ f^= 10 kHz. The)^ are currently mned 
by means of a variable magneric field conrrolled by a curreni which makes 
them an expensive choice compared to other options, 

1.2 Schottky-Barrier Diode Multipliers 

The current through a Schortky'-barrier diode is given by (1,13)* which shows 
an exponential relation between applied vol rage and current flowing through 
the diode. 



/ = /,texpU)- IJ ; ; ;: (1^14) 

where, j 

q = electron charge 
k = Bokzman constant 
7]j - absolute temperature 
/j = diode saturation current 

This equation can be expanded into a Fotirier series expansion given by^ 
(1.14), where /^(x) is rhe modified Bessel function of the frrst kind [6]. 

In 

I = l,[Ii)(x) + 2^^ Ux) cos(^z^*;r)] (1,15) 

1 

A plot of the harmonic curren t as a function of applied voltage> normalized 
by its dc component* is shown in Figure 1,10. The difltc^rence berween rhe 
harmonic levels is higher at low applied voltages. Increasing the applied voltage, 
the second and diird harmonic components also increase and their amplimdes 
tend to saturate to a constant value. 

A half-wave rectifier doubler circuit is obtained by applying a reladvely 
large amplitude sinusoidal voltage of period 2ir, to the diode plus load circuit 
represented in Figure 1 , 1 1 (a). During the positive semicycle. the applied voltage 
is greater than die thermal voltage {qlkTa) and the diode conducts current to 
the load, Ri^ The generator voltage is applied across the diode and load resistor, 
at rhe generator frequency. On rhe negative semi-QxIe, the volrage across the 
diode is lower than the thermal voltage and die exponential term of (1,13) 
becomes negUgible. There is no current flowing in the circuit. The current 




Figure T,10 Bessel funttian ratios versus applied voftage. 



T2 



Design of FET Frequency Multipliers & Harmonic Oscillators 
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Figure 1.11 Sir>gle diode multipiier (aj, and bad voltage (b). 

applied ro the load generates a haJf-wave sinusoid voltage waveform, shown 
in Figure 1. 1 1(b), rich in even harmonics. The second harmonic can be selected 
by adequate fikerviig. 

A better m triplication efficiency can be obtained by ant i paralleling two 
diode!i by means of a 180 degree hybrid as shown in Figure L 12(a). In this 
case, the applied voltage is split in two paths with a phase difference of 180 
degrees between them. In the posirive semicycle of the applied sinusoid, the 
diode connected to the 0 degree path conduas delivering current to the load. 
On die negative scmicycle, the voltage on the other path is positive, due to 
phase shift mtroduced by the hybrid, causing conduction of the other diode. 
Thus, both cycles of the sinusoid deliver current to ihe load instead of just 
one cycle. The load current* given by {LI 5) and (L16), is the sum of the 
corrcnus rhrough each diode. The load voltage shown in Figure L 12(b), does 
aot contain the fundamental and odd harmonics, bur shows a dc level on die 
output. 

/total - I] - 2/,Icosh(Ar) - 1] (L16) 

/toed = 2UI,{x) - 1 + iJ^Uxhosilna^t)] (L17) 

1 




(a) m 



Figure 1.12 Balanced diode multiplier (a), snd load valtBge {bl 
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The generauon of odd harmonics requires paralleling the diodes as shown 
in Figure 1. 13(a). In tliis case, one diode conducts dttring the positive semi- 
cycle while the odier conducts during the other semicyde, so that the current 
in the load is given by the difference of current in each diodes. 

Aotd -h- ^/Jsinhtj^)] (L18) 
4rd - [{In ^ l){^)a)s[(2« + 1)03 (1.19) 

One can conclude from (LIS) thai there is no dc component, bur che 
fundamental component and odd harmonics are present in the total ciirrent. 
If ihe applied voltage is high enough qlkT^), there results a sym metrical 
discorcion tn the waveform given by (LIS), resembling a square waveform. 
Note this configuration requires a bandpass filter to remove die fundamental 
component and higher harmonics. 



1.3 MESFET Multipliers 

This type of device operates in the linear mode as long as the terminal voltages 
are contained within the limits described in Chapter 3. Outside those limits 
the device is highly nonlinear, therefore adequate to be employed in mixers 
and in frequency multipliers. Unlike diodes, MESFETs currents cannot be 
described by a single equation and thus require a more complex marhemattcal 
treatment to describe their nonlinear operation. Comparison of MESFET and 
Schottky diode multipliers is not simple and requires engineering judgmenr 
for the specific application. For instance^ frequency doubters built with Schot- 
tk)''barrier diodes, are lossy (in general > 10 dB), require no tuning elements, 
and can operate over octave bandwidth, a performance that camiot be attainable 




Figure 1.13 In-phase diode maltipHer {a), and load voltage (b). 
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with FETs, On cbe other hand, if bandwidth is less than 50%, FETs present 
lower losses and CTentuatly can provide gain depending ort bandwiddi, fre- 
quency, cype of devict% ajid other characceriscics that will be addressed in rhis 
book. One can, however, use intuition to conclude that cransistors offer several 
other advantages compared to diodes: isolarion from input to output so that 
usually it suffices to match the input at tlie fundamental frequency, and the 
use of only one bandpass filter at the output. They Aso require much lower 
drive power for generating a significative output power levch If higher order 
multipiiers are considered (%3, x4, etc.), then Schonky-barrier diodes perform 
poorly and cannot compete with FETs. An additional advantage is thai FET5 
are a natural par^ ot MMICs where cKey can be designed to fit a specific need. 
This book discusses the design and application of single-gate GaAs FET devices 
to frequency multipliers. Other options like the dual-gate wall not be considered, 
but the conclusions of this book are equally applicable. A dual-gate device can 
be considered as the cascade of two devices, where one operates as 3 frequency 
multiplier and the other as an amplifier. 
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The fimdamenta! hypothesis which governs the nonlinear FET models described 
in rhis chapter is the assuniprion that the large-signal performance of microv^^ave 
transistors is essentially governed by its dc characterisnci [I]. This quasi-static 
assumption has been verified experr men tally by several authors [1, 3J to be 
valid as long 3S the trequenCT of operation is such that the model can be 
represented by lime-in variant lumped elements. The elements on this type of 
model have a strong dependence on dc bias and on the iunpiitude of the 
terminal dynamic voltages. They usually require extensive meastitements to 
yield an accurate model. Without such models, one must rely on experience, and 
on bench trial and error experiments to extract the desired device performance. A 
nonlinear model provides insight into the circuit operation, on the interaction 
of device parameters with external circuit impedances within a large frequency 
band, ^nd on the current versus voltage relationship, along with other important 
mfotmatiot; leading to an optltnum design. This information is otherwise 
unavailable to the circuit designer. However, it must be emphasized that a 
genera] purpose nonlinear equivalent model capable of simulating any nonlinear 
condition still remains to be developed. Therefore, each one of the models 
discussed in this chapter have limitations. 

In this context, the proposed nonlinear models were constructed from a 
classical small-signal model, assuming it is a first-order approximation of a 
circuit capable of representing die device notilinear performance. Thu5, the 
nonlinear elements which are dependent on the extemaJ bias voltages can be 
reduced to the small-sigtial model at any bias point. The analytical models 
presented here can be determined from static measuremenri; and from small- 
signal measurements. Their accuracy is acceptable to simulate the generation 
of harmonics from a MESFET model. The word acceptable has to consider 
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the technology employed in the circuir construction. In hybrid microwave 
integrated circuits (MICs), the requirements for accurac)^ are not so stringent 
since the final circuit can be tuned to achieve the desired perfbrnnance. In 
monolidiic microwave incegrated circuits (MM ICs), rhe model of accuracy is 
much more important since runability in this technology is very hmited and 
design iterations are very expensive. The design philosophy is cargetcd to a 
fmai circuit that works the fuse time it is built. In this case, the models presented 
herein can sttll be used hm they will require more rime and sophisticated 
equipment ro improve their accuracy. 



2J The Static FET I-V Characteristic 

The cross-section of an «-type Schoccky-barrier gate MESFET is represented 
in Figure 2.L Jt consists of an active layer grown on wp of an insulating GaA5 
substrate which scr\^e as a mechanical support for the structure. The layer under 
the gate is called the channel and is uniformly doped with donors* which will 
carry the ctirrent from the drain to the source terminal. The layers under the 
source and drain are made ohniic with a low resistance to improve cbe device 
performance. 

The gate metal on top of the active region is the anode of the Schottky- 
barrier diode and the conducting top layer of the GaAs is the cathode. Applying 
a negative bias to the gate with respect to die channel, electrons arc pushed 
away> reducing the thickness of the layer which can carry current. If it i$ 
negative enough, the channel is completely depleted of electrons and there h 
no current flow through the channe[. If the gate and source are grounded and 
the drain voltage is increased trom zero to ^fJAh the current initially increases 
proportionally to die voltage until it reaches the knee voltage, Vi.^ depicted 
in Figure 2.2* That voltage separates the device resisrive region where there is 
a linear relation between voltage and current, from its acdve region 
(VoS^ Kjt) where the drain current is approximately constant. 



T 



Source 



pGate Ids cp Drain 

r \ I . . 



Active layer 



Insulating GaAs substrate 




Figure 2.1 Cross section of a typical MESFET* 
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EJram voltage, - Volts 



Figure 2.2 % - output characteristics. 



Obscr\^e that this boundary will change for diflFerent drain currents, but 
Vl^ is defined specifically for the condition Vqs = 0- Increasing the voltage 
further, the drain current remains almost constant and the small changes 
observed are due to the drain-source output conductance. The current saturates 
because rhe electron mobility inside the channel reaches a maximum velocity 
after a certain electrical field magnitude has been exceeded. This velocity is a 
property of material and It is around 1x10 cm/s for GaAs. The drain current 
for this gate condition, Vcs = 0, is called the satiinned drain currem, ^dss^ If 
the drain voltage coniinvies to incvease, 11 will eventually cross the gate-drain 
barrier breakdown voltage, BVqu, enter in avalanche, and a catastrophic failure 
wiU occur. 

The dc transfer characteristic (ttatisfet of input voltage to output current) 
in Figure 23 is for a drain voltage of 3.0V. At pinch-off, V>, the channel is 
completely depleted and there is no drain current. In reality, V/* is parameter 
deftrted for JFET's and is often cotrfused with the threshold voltage, V'i\ which 

50 " Ipss 
40 
30 
20 
10 
0 

Vp=^-1.25 -1 -0.75 4)3 4>.25 0 

Drain voltage, - Volts _ 




Figure 2.3 Iqs- l/^^ transfer characterrstics. 
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is the gate voltage that depletes rhe channel. The relacion between threshold 
and pinch-off is given by Vp ^ Vj ^ V^. Throughout the hook, pinch-off 
vohage wQ! be used as defined in this page. Increasing the gate vohage, the 
current increases in proportion to the dc transconductance and at Vqs - 0 
volts, reaches the currenr defined a5 Iq^^. 

Increasing die gate vok;ige hirther, the current continues to increase up 
to die point where the gate-source diode stans conduct ing. At that point, die 
device reaches the maximum drain current. If, which occurs when the gate 
voltage is around 0-7V. The drain current does not follow the gate voltage 
beyond diis point and if the vohage is too high die device will start degtading 
and vwU eventually be destroyed. 



2.2 Model Description 

Adding one dimension ro the MESFET cross-section of Figure 2.1, one obtains 
a complete descriprion of the device structure, depicted in Figure lA. That 
description is very useful to identify the elements of the nanlimar model The 
Schortky-barrier from gate- to -source and gate-to-drain gives origin to two 
diodes /)c;5and Dq^, respectively. The capacitances and q.^ express the 
changes in the depledon layer charge as a function of rwo intetnal voltages, 
Vdi and V^i. The resistance is associated with die time constant required 
to charge the C^, capacitor. The efteci of controlling die thickness of the 
channel by controlling the gate voltage is represented by a currmr source in 




Drain 



Figure 2.4 Physical origins af model elements. 
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the channel, Iqs- which is controlled by V^i and V^^. The linear parasitic 
elements include the drain-to-source capacitance, C^^y due to the bonding pad 
ared, and rhe resistances: the ohmtc-contact series; resistances and i?^/ which 
are in series with the source and drain; the gate resistance due to the gate 
metalization which is in series with the gate, R^. 

The Schottky- barrier diodes usually do not participate in the device 
operation since they are reverse biased. At large dynamic voltages there may 
be forward conduction or breakdown currents for a small fracrion of the signal 
period. If they are limited in amplitude, ir is possible to operate the device in 
this condition without degrading reliabilit}'. This instantaneous conduction 
has an important effect on the device's oveadl performance, a good reason 
why the diodes have ro be part of the modeL The nonlinear current source 
is the most important nonlinear element since it is responsible for power 
gain in an amplifier and generation of harmonics in a frequency multiplier. 

The model represented in Figure 2,5 is quite general, adequate for nodal 
analysis, and can be applied co different types of field-effect devices such as 
MESFETs, HEMTs and PHEMTs. A good description of HEMT and PHEMT 
operation is found in fhe literature [2], 1 hey present higher transconductance, 
operate at higher frequencies, and their physical structure n more complex 
when compared to MESFETs, Howe\''er, for the purposes of this book it is 
assumed that their nonlinear characteristics are similar to MESFETs. 

2.3 Analytical Models 

These models use an analytic equation to describe the nonlinear current source 
as a function of terminal voltages, are simple to use, and provide results %vith 
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a good degree of accuracy. In general, an analytic equation is also developed 
for the capacitances as a function of voltage and are incoq:)orated into the 
modeL There arc several models available in the literature of varying capabilities 
to predict the pertormance of FETs in notilinear operatitig modes. This 
is srill under development, with new approaches being introduced every year. 
In this context, a few models were selected with varying degrees of complejtity 
and accuracy and wLIJ be described as follows: 

The Curtice Quadratic model [3] was one of the first tnrroduced for the 
simulation of nonlinear microwave FET devices. The drain current is described 
by (2. i) wliich contains four dc parameters to be determined, ct, 0, A and 
Vp. The first defines the onset of drain-saturation voltage, and the second is 
proportional to the device transconductance. The third parameter takes account 
of the device s dc output conductance. Finally, the pinch-ofiF voltage is defined 
by Vp. 

Ids - mVGS- "^pf (1 + A KDi)ianhl« ^^5) (2.1) 



An example oFthe transler characteristic for this type of model is illustrated 
in Figure 2.6, adequate ro analyze power amplifiers, mixers, and frequency 
multipliers. However, it is incapable of predicting intermodulation distortion^ 
IMD, since there is no third order term in the equation. 

The nonlinear capacitance widiin the active region is simulated by an 
ideal reverse-biased Schotrky- junction diode, which is given by (2.2). The 
capacitance in the pinched off region is given by (23) which represents a 
constant capacitance^ Such relations are expressed in graphical form in 
Figure 2 J. 




Figyre2.6 Transfer characteristic— Curtice Quadratic model. 
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Figure 2,7 Relation between capacitance and voltage. 

- CcSi) l^[^^W^4^ for Kp > % C23) 

where, 

Caso = capacitance when VQf; = 0 
VfP = buiit in potential of the diode 

The model assumes both Cgs ^nd Cgd are given by die same equation, 
but with different constants and submitted to different reverse bias applied to 
each diode. The FET gate current /^has two componentsr gate-source compo- 
nenr> Jcjs^ and gate-drain component, 4;/), defined by (2.5) and (2.6), respec- 
tively. They also have different constants and are submitted to different reverse 
voltages during normal operation. At large signals, the gate-source diode might 
be forward biased in the positive cycle of applied signal and eventually might 
get into che verge of gate brealvdown voltage. BVaSf on the negative cycle. 
The gate-drain is always reverse biased in normal operation, it does not conduct 
in die forward direction but may conduct in the reverse direction, if the 
drain-source-applied voltage is greater than the breakdoum voltage, BVbS- The 
following set of equations assume that both diodes present similar breakdown 
chaxacteristics. 

Ic-hs-^GD (2.4) 
Igs - ^ [^^(.qVaslnikT,) - 1 1 - /v^[expC Vgs " BVcsV Vol (2.5) 
Ice, = ls[^M<^VGDlnikT,) - 1] - /ra[e=p( Vgd - BVgdV Vq] (2-6) 



where, 
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Vcs is the voltage across the gace-source diode 
Vqj} k the voltage across the gate-drain diode 

is the reverse saturanon current of die Schortky barrier 
fys ^ th^ leakage current due to brealtdown voltage of the Schottkj'-barrier 
Vq is a voltage that describes the breakdown effect 
Hr IS the ideality faaor 

The Curtice Cubic model [4] ii^ considered to be an improvement from 
the previous model where a cubic relation is introduced to take account of 
intermoduJation in microwave circuits. The drain current is described by {2.7a) 
and {2.7b) where the following parameters define the current voltage relation, 
namely Aq, ^j, A^, and a. 

Ids = Mo ^AiV^ ^AjV]^ A^ tanh(a %) (2.7 a} 

V, . Vasc-^"^' n -^ /3.(Kp5o " Vds)] (2.7b) 

where, 

^/)50 = irain voltage at which the j4q, A\y Ai, A^ coefficients were 
determined 

jS^ = pinch-off voltage coefFicicni 

T = represents the time delay in the gate-source voltage 

One of the problems of this model is on the parameters determination 
employ ing curve fttttng procedures. The cubic telacion may provide paratueters 
resulting in A pinch-oflF that makes current zero, or transconductance zero, but 
not both simukaneousiy. It does not represent the real device. Observe that 
this equation also takes into account the change in the pinch-ofF voltage due 
to changes in the drain voltage. The simulated transfer characterisdc for this 
model Is based on die values of 1 able 2.1 obtained ftotw a low current 1 /jtm 
gate device as depicted in Figure 2.8. The capacitances and the Sc ho ttky- bar tier 
diodes in this model are simulated m a manner similar to the one employed 
in the quadratic model. 

The originators of the Statz-Pucel model 15] recognized rhat a real MES- 
FET device displays a transfer Vq^ charactertsitic that resembles a linear 

device near zero gate volts and a quadraric one near the pi nch- off voltage. This 
can be obsci-ved on the //)5 — V(;^ plot for the reference device, represented 
in Figure 2.9- With simple corrections to the previous equations for junction 
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Table 2.1 

Elements and Parameter Values— Curtice Cubic MESFET Model 



dc parameter Value Element Value 



4 0.016542 A Cgs 0.5Z7 pF 

4i 0,0500214 Cds 0-^513 pF 

A2 0.02012 Cgd ^Ml pF 

T.O X 10"^^ Fig 2 J n 

a ' 2.16505 l^s Z-^ « 

0^ -0,0394 V"^ 5-3 0 

Htf, 61S.5 n 

BVos 15 V 

1.0 X IQ-^A 




Figure 2.9 Transfer charactenstrc— Statz-Pucei model 
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where. 



fiS. V,)Jl 



fi^^ Vgs^ Vai,) - (l . - ^gs- Vgd ] 

GgS(} = gace-to-sourcc capacic^cc @ l/^^ ^ 0 
^GDO = gattf-co^dram capacitance @ K^j = 0 

The parameter was iticrodticed to allow for a smooth cransirion in C^s 
while entering into pinch^ofF. In reality^ k represents the range of voltages 
durmg which the gate voltage changes from l^XOT^to Vp. Parameter a Is the 
same one med w define the dc current, A qualitative plot of Ccs as a funcrion 
of drain- and gate-voltage is depicted in Figure 2A l{a, b). for a gate measuring 
1 X iOO ^m. The model shows an excellent prediction of theMESFET capaci- 
tances in die normal and reverse mode of operation. However, if the device 
operates below pinch-off, Cgs reduces to zero introducing convergence prob- 
lems when solving the circuit nonlinear equadons. 

In real devices, die capacitance in this region is small, but it is nor ^ero. 
The reason fbr the oonconvergence can simply be explained by die inductance 
macching the gate capacitance. It is inruidve that die inductance will be deliv- 
ering curr en r to a nonexistent capacitance which is a particular drcuit condition 
that has to be avoided. To overcome this problem, a constant low capacitance 
corresponding to die capacitance of die pinched -off channel, is added in parallel 
with Cgs- 

Another problem [61 in diis model is its inability to correctly represent 
the transistor output resistance. R^s. the inverse of G os- In order ro verify- 
this statement let us obtain die output conductance in the saturarion region 
by applying the definidon 
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^ 0 a 

(a) Drain voltage, V^^ - Volts 




-4-3 -2-10 

(b) Gate Voltage, V^s - Volts 
Figure 2.11 Gate -to -source capacrtsnce; (a) in function of V^s, and (b) \r\ function of Vqs- 

r (\/ XI \ ^^^^^ ^i^GS- ypf^ f ^ Tz Tx: V 

^DSi Vgs^ ^Ds) = ^T7~ = r ■ D/ ^qs > Vp (2, i 5a) 



dVns I + Bios- Vp) 



for Vf75 < Vp 



(2.15b) 



This equation shows that the parameter A is chosen to fit die transistor 
^DS ^ V[}s curves at a specific gate voltage point Vgs = V^sq^ As Vgs increases 
above VGSQr the models becomes smaller than the real and the 

reverse happens when the gate voltage is below VGSiy Poot prediction of output 
conductance will affect die output impedance, thus S22:, and the device output 
power prediction. 

TTie Triquint Own mode/ (TOM) [7] was developed to improve the Staa- 
Pucel model and correct several of tlie described model deficiencies. The first 
correction is on ihe pinch-off voltage which is made a fimction of the drain 
voltage, according to {2,16) improving the outpm conductance at low drain 
currents. The relation between gate voltage and drain current is made with 
the arbitrary power law, q in Equation (2T7), giving more versatihty to the 
model. 



m 
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The second im prove menr is on the smoothing of the /^^ — K/)5 curve 
stope. Therefore, rhe drain current is defined by die sei of equarioiis described 
n€XU where die pammeter 5 7- allows die slope of die I-V curve to vary as a 
funcdofi of the drain current. It rakes into account die power dissipated 
(junction temperature) by the device, in spiie of the more accurate repi esenca- 
tion of the drain current, the model loses the simplicicy of the original modeli 
since three more parameters need to be fitted during the derermination. 



(2.17) 



(1 + S'fVoshso) 



(2T8) 



Th^ Mdterka-Kacprzdk model [8J was developed to give a good simulation 
of the breakdown effects in power GaAs MESFET devices. Therefore, ii is 
capable of giving a more accurate representation of saturation of the output 
power in a MESFET amplifier. The nonlinear elements from this model are 
the gate-to-source capacitance CQ^;r the diodes D^j]^ and Dfyt^-and the drain- 
current source, The first three elements are defined as in the Curtice 
model. The drain current is described by (2.19) where rhe parameters 
OTji/, Vj^Q and 7 define the current voltage relation. The voltage Vp is defined 
by (2.16), 



Ids - h 



tanh 



GS 



(2.19) 



A model example for the cle\4ce 2SX273 18], by Mitsubishi, whose 
parameters are described in Table 2.3, is represenred in rhe Jq^ — V/j^ plot 
shown in Figure 2.12. 



2.4 Table-based Models 

A table-based model [9—1 1] is not analytical since it does not use parametrized 
equations to represent the drain and gate current as a fiinction of terminal 
voltages. Instead, a series of dc and S-parameter measurements are performed 
over a large combination of gate and drain bias to build up a table model. A 
mathematical treatmeni on this data generates a model capable representing 
dc, small-signal, and large-signal operation, t 
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Table U 

Elements and Parameters for the Materka Morfel 



dc parameter 


Value 


Elemeiit 


Value 


yj 

1 fm 


3.35 

-Q.I1 V"^ 
75.0 mA 
-tJSV 
1.036 
15.0 V 

1.05 X 10^^ A 
6.5 X 10"^ A 


1 

ftn 


0.64 pF 

n 1 nC 
u. 1 pr 

0.026 pF 

4.5 0 

4..S n 

Al i l 

10.0 a 



< 



i 




1 2 3 

Drain voltage, Vjjs - Volts 



Figure 2.12 los- V'/j^ output characteristics— Materka modGl, 

The Hewlett-Packard Root mode! [10], represented by a **black'box" in 
Figure 2.13, firs into this category^ It contains eight functions (hve of them 
are linearly independent], and each is a nonlinear hmction of die inirimic 
terminal voltages. 

The aadior proposes rhe use of 1000 measarement points, a value which 
is practical from a data acquisidon and data storage viewpoint. The equadali3 
describing the diain and gate cunent are given by 



^ ' " (2.20) 



(2:21) 
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QdCVgs.Vds) 

Qo(Vgs.Vos) 
T dispersion _ 



QsCVgs^Vus) 



Figure 2,13 Root model. 

where, ^ = is a function that characterizes the dispersion benveeii dc and Jiigh 
frequency currents. It changes smoothly from unity at dc and zero at high 
frequencies. 



h can be observed that drain current is obtained not only from dc 
measLirements but also from high-trequcnc)' measurements. Therefore, this is 
a NQn-Qtmi'Stutk model which means its elements are frequency-dependeiir. 
For instance, the transconductance will change From low to high frequenc)^ 
expressing a measured effecx, Tlius, the model accounts for trap effects tliat 
usually have a great impact on the use of dc parameters at high frequencies. 
The Root model offers the highest accuracy, since no firrmg sreps are involved 
and the results are based on real measurements. However, die model is less 
porrable since ir does not conform to simple analytical expression that can easiJy 
be incorporated tn nonlinear simulators. It also requires expensive equipment for 
i rs ch arac te xmnon. 

The accuracy, properties, dc equarions, and performance for the models 
presented in this context are summarized [12] in Table 2.4. All of them have 
theu-own advantages and disadvantages. The Statz-Puccl mode! meets required 
goals of simplicity, reasonable accuracy and avaiiability in mosi non-linear 
simulators, including Pspice* [13J- It was decided to employ this model in aH 
subsequent simulations presenred in this book. 
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2,5 Model Accuracy 
2,5,1 Long Time Constants 

The initial work in nonlinear modding focused on the dc I-V curves of a 
FEl, based on die assumpnon chat the large signal device properties are 
governed primarily by the transistor dc character] stia>- However, changes in 
the occupancy state at the interlace substrate/active layer and also on the surlace 
traps, cause the dc and RF I-^V characteristics of GaAs MESFETs to be different. 
Both oi them are important to simulate the operation of real circuits. At high 
frequencies, the long-time constant electron craps present In the device do not 
parricipate in the conduction process. This "rrap state'' is a funaion of the 
average drain voltage and current, (i.e., the average component of the voltac^e 
and current waveform at frequencies below a few iMHz). Thus, after Fitting 
the dc curves, one finds that the small-signal output conductance provided by 
die model is lower by a factor of two or more compared to RF measured 
values. The same problem is found in the small-sigiia! trans conductance. A 
rather simplistic correction to this situation is to place a linear resistor in series 
with a capacitor and in parallel w^ith the device output impedance. It is a good 
approach as long as the output voltage swing is confined to the linear region. 
A more accurate approach replaces the fixed resistor by a nonlinear resistor 
function of terrain aJ voltages, 

Z32 Thermal Effects 

A second issue in the validity of the dc I-V curves for nonlinear modeluig is 
thermal effects. The analyric equation assumes an isothermal operation of the 
device. However, when collecting dc data, the channel temperature changes 
as a function of applied bias, resulting in different channel temperatures for 
each bias. Considering that the electron's mobility behaves in a manner inversely 
proportional to temperatute changes, and that it has a direct Impact on the 
drain current and errors in the modehng, especially for large gate devices, are 
probable. The coefftcient of die hyperbolic tangent described in (2.18) can be 
used to correct the thermal effeas on the 7£)<f current, by adjusting the parametet 

2.5.3 Pulsed Measurements 

The previous effects plus shon-^charuiel and Gunn^domain effects, which are 
not accurately predicted even by the most sophisdcated physics-based models, 
have lead to die use of pulsed measLirements by some researchers. Comparison 
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of the 1— V characterisrioi acquired under static and pulsed conditions seems 
CO correct the thermal effects and bypass die trap effeccs in the device. The 
negarive output conductance measuted at dc in power devices, for instance, 
becomes positive when measured under pulsed conditions. This method of 
operation also allows determination of a dc transconductance and output 
conductance that matches the RF performance measured in the same manner. 
Therefore, thib method is also capable of offsetting the long time constants 
associated with the I-V determination. In spite of the complexity of such 
nieasuremenr systems, they are preferred for characterization of high power 
devices. 



2.6 Determination of the Model 

The conventional method of extracting the equivalent circuit element values 
for a given device involves a set of dc and S-^parameter measurements. The dc 
steps are employed to determine the nonlinear drain-source current generator 
as a function of external bias» tiie drain-source and drain-gate properties, as 
well as to extract the device parasitic resistances. This set of data is used to 
adjust the model parameters, so that it can simulate, within a certain degree 
of accuracy, the same measured dc currents as a function of applied voltages. 
Optimization techniques are tisually employed to fit theoretical response to 
the measured ones. The model can be any one of the popular nonlinear models: 
Statz-Pucel, Curtice, Materka, TOM, etc. The S-parameters are employed to 
determine the device capacitances, wire bond inductances^ and to correct the 
differences between dc and RF nonlinear current behavior. Recently, new 
procedures [l4j have been introduced, where no dc measurements are per- 
formed to extract the device parasiiics. They consist of S- parameter measure- 
ments with a ''cold device,'' (i.e.. with an unbiased device). However, the 
conventional technique presented below is simpler, requires the use of a curve 
tracer, a vector network analy^zet, and curve-fitting sofnvare routines. These 
techniques provide complete characterization of all elements, providing reason- 
able accuracy for the design of frequency multipUcrs and determination of 
^PS - ^D5^ hs - ^GS ^nd Iq^ - Vgs plotS. 

2,6.1 DC Measurements 

Schottky-barrier Diodes 

The MKSFET structure of Figure 2 J contains nvo Schottk)--barrier diodes, 
one connecting the gate-to-source and the other connecting the gate-to-drain. 
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The gate-source diode has its ciirrent described by (2.5) and rhe gaie-drain 
diode by (2,6), 

Gate-source Diodes 

The diode parameters, and n^, can be exrtacted by plotting gate current 
versus gate voltage widi the drain open circuited The gate current versus 
voltage for an open-drain F£T model is equal to 

(2J12) 

This equation can be simpiiFied if a tow current is injected ioto the diodes 
so diat die series resistances can be neglected. Then, using (2,23). one can 
transform the exponential I^s^ ^CS pl<^^ ^^c<^ ^ linear plot as depicted in 
Figure 2,14. This result was taken from a device whose gate dimensions arc 
0.5 X 250 fim. 

HIgs) - Io(/J + ^ (2.23) 

In this figure, norice tbat at high voltages the current deviates fi*Dm the 
linear condition due to the series resistances (Rc + 7?^) that can no longer be 
neglected. At low voltages the current deviates froni the diode law due to 
leakage and effects of current recombination in the semiconductor 

10"* . 
10"^ ' 

Figure 2.14 Gate-source drode: Jqs- Vqs- 
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The slope from rhe linear part of this plot provides information on the 
ideality factor described b>' (2.24), One can also obtain the diode saturation 
currenr by extrapoiadng the linear portion to Vqs - 0* 

^Vgs 

Gate-drain Diodes 

A rough estimation [I5J of the avalanche current can be obtained from the 
device's I— V plot at high drain voltages and low gate voltage^ as shown in 
Figure 2,15. The difference between the extrapolated drain current from Eow^- 
drain voltage to high voltage and the measured current gives an estimation of 
avalanche currenr in the device. 

A better accuracy is obtained by pulsing the gate and drain voltage and 
measuring the gate current. An example of such a ptot tor a 0.5 X SOOjtim 
device is shown in Figure 2, 16< 



(2.24) 



2M2 Parasitic Series Resistances 

One of the techniques [16, 17] used to determine tic series resistances is to 
apply a constant current ro the gate and measure the corresponding gate voltage 
for three conditionii: drain open, source open, and drain and gate shorted. 
Considering the sia.tic model for a FET illustrated in Figure 2,17, the gate 
current is given by (2.22), Observe that in this condirion Id^ = 0, 

If the gate currenr is high, then the second term of the equation becomes 
negligible and only the first term is considered. According to Figure 2.14, high 
injection starts at a few mA for this device. Thus, applying a current from 5 
to 10 mA, one obtains the following equations: 




^ avalanche 
current 



figure 2.15 MeastJred FET static \-M cun/es. 
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Figure 2.11 Gate-dram current versus drain voltage. 
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Fig ure 2 J 7 D ete rm inati o n of s e ties resi sta n c es . 

Vgd - i^d + R.)Igd 



(open drain) 
(upen source) 



(2.25) 
{2.26) 



'CDS 



Rs + Rd 



'CDS 



(drain and source shorted) (2.27) 



These equations can be solved for R„ R,/, and R^, by means oF (2.28) 
and (2.29), where !cs = Igd = ^GDS = ^0- 



.^^-^ Ai?2 



(2.28) 
(2.29) 



where. 



Once the drain and source resistors are determined, die gate resistance 
can be determined either from (2,25) or (2.26). 
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An alternative method ro determine the parasitic resistance, R^, consists 
of an injeccion of a large current on die gate-ro-soiirce diode> as shown in 
Figure 2,18, so that the second term of (2.22) can again be negiecied. The 
measured voltage on the floating drain V^^, gives the voltage on the source 
resistor, and consequendy, R^ = VJI,^^ The drain resistor is determined in 
a similar manner by grounding the drain. 

in Figure 2, J, both the described methods have neglected the flow o^ 
current through the channel, Thereforet the measured source or drain resistors 
include hah' the value of the chamiel resistance, /f^V;* However, at high gate 
current, its value is much smaller than either R,or R^, and can be neglected. The 
gate metalization behaves like a resistive transmission line at high frequencies so 
rhat the measured dc resistance has a different effective value at high frequencies. 
An empirical procedure is to divide the dc result by three in order to get the 
RF value, (2,30). A more accurate value is found by curve fitting to high 
frequency measurements. 

K-iR^^^-RsV^ (230) 



2.6.3 Drain Current Function of Terminal Voltages 

In this step, static measurements are made on a curve tracer to determine 
the transfer characteristics Iq^ — Vq^^ at a given drain bias, and the output 
characteristics Ios~ ^[js ^ ftmction of gate voltage. The experimental plots 
have ro be modified ro account frir rhe effect of series resist^ance, and R^/. 
Their effect is not important at low currents but cannot be neglecsed at high 
drain currents. The device static model of Figure 2,19 can be used to derive 
the set of equations that take these resistances into accounL 

The externa! static currents are dependent on rhe current rhrough the 
diodes and the drain-sotirce current source, and are defined by (2,31 ) to (2.33)* 



(231) 




VoJtmgcer 



Figure 2,1B Alternative determination of series resistance. 
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Figure 2,19 Static dc model. 

/d = iDSii Vcsh Kda) - IcDi VcDi) (232) 
h = hsii ^ra.. VdS.) - /g5( ^CS.) (2.33) 

The relation between the external and interna] voltages is given by the 
set (2.34) to (2.36). 

VcSi- Vas - Rg/G- ^s^S (2.34) 
= Vgd - R^^Ic; - Rdh (2.35) 

VDSi-VDS-Rjh-RJs (2.36) 

The model parameters are determined by using the resisrors R^, R^, 
the los^ V^tf and Ios~ ^DS plt>£^^ and curve Btring techniques to make any 
DOC of the analytic models simuJate the measured dc characteristics. 

Z.6.4 RF Msasifrements 

The purpose oi RF measurements is to determine the reactances and parasiiics 
of the model. Thc)^ also are ii5efiil iti the correction of frequency effects on 
drain current, crajisconduciiancc and outpvic conductance. 

The first step consists of the determination of the nonlinear reactances 
by measuring S-paxameters as a function of terminal voltages [11]. For this 
piu^ose, the S-parameter measurements are carried out at lov^ frequencies, 
(i.e., in the rmigc OA m I GH2), At rhese low frequencies, the wire bonding 
inductances and the transit time can be neglected, and the measurements are 
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free from frequenc}^ dispersion effects due to surface states. Therefore, the 
mathemacicaJ description of the nr^odel elements as a function of S-parameters 
can be greatly simpiified. The optimum measurement frequenty range is deter- 
mined by checking the band in wrhich the magnitude of ^21 and S22 remain^ 
constant, an indication of validit)* of the model. 

Initial measurements are carried out for the simplified model represented 
in Figure 2.20. For this model it is possible to demonstrate [11] diat the 
relation between the model parameters and S-parameters are given by (2,37) 
to (2.41} described next: 



where J 



1 



15221 



1 + 15221 



(237) 



(2.38) 



(239) 



(2,40) 



[2ct; 



^(522) 



(1-^^V 



(2,41) 




Rgure Z20 Simplified model for extractiDfi of elements. 
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and ^{$21) are respectively the phase of parameters 5]] and 522i 
in radians 

rj = -I ifO" < <i{522) < 180*" 

r, = 1 if -180" < <i>{S22) < 0° 

Yq ^ reference cliaratteristic admittance 

The ci^efEdent 7, in (2,37) determines iF the drain impedance is a 
conductance in parallc! with a capacitance, case of ^ i, or inductance in 
series with a resistance, when = — L The pardciikr case of (f^iSij) = 0 or 
1 80 degrees resuks in a pure resistance or conductance* The previous normalized 
parameters are obrained dLrccrly from the device terminals, and have to be 
corrected to include the effect of the device series resistance, depicted In Figure 
2:21 , by employing (2.42) to (2.47). 

Do* = RAg,,* ^ g^") ^ Rdg^^ {2.42) 

gn. -gnn\-Di^) (2.43) 

"^0*) (2.44) 

- Cgi ^ igm + gd:)iR.c^ ' R^q/Vii - z>o^) (2.45) 

Q ^ Q; - Rg\q/(g,r + g^l + C^g^] (2.47) 




Figure 2.21 Simplified model Jncfuding series resistances. 
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2,6*5 S-parameter Measurements as a Function of Bias 

This procedure is applied for a large combination of bias voltages in order to 
map rhe behavior of reactances on the inpur and ourpur plane. However, diis 
redious job can be simplified, making only t^vo bias voitage conibiiiations 
represented in Figure 2.22, one with constant Vi^^md the other with constant 
VqS' This simplification provides the ncccssarj^ information for the analysis of 
most nonlinear circuits. After this step, the small-signal parameters from the 
model are available as a fijnction of external bias. 

The residting RF tmnsconductance and output conductance obtained 
are used to correct the dc value, thus keeping consistency of the model over 
frequency. For stnall-signal operarion, a simple series RC circuir can be added 
in parallel with the current source. For large signal simulations, that approach 
is no longer valid and a more complex solution has to be employed. In this 
case> a simple way ro rake accoimt of the dispersion effect is to include in the 
model an extra cmrcnt source [18] in parallel with I^^^ as depicted in Figure 
2.23. The reactance of capacitor C^- determines the frequency where the high 
frequency correction takes place. 

The second step In the characterization process is determining the 
remaining parasitic elements, such as wire bond inductances, charging resistor 
for capacitance C^^ Rj, and delay time associated with transconductance, r. 
This step czn be performed at a single bias in a first approximation of the 
final model, but the S- parameters have to be taken from very low frequencies 
to the highest fi^equency of interest. Now, the fidl model is considered, aU 
parasitics are added ro rhe model of Figure 2,24, and ciu^c-fitting techniques 
are applied only to these elements so that the best fit of rhe modeled parameters 
matches the measmed one wirh reasonable accuxacy. 




0 12 3 4 

Drain voltage, Vq^ - Volts 



Figure 222 Selection of bias voltages for S-para meter measurements. 
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Figure Z23 Correction of disfjsrsion an and g^s* 
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Low Frequency Multipliers 



Computer simulacion of nonlinear circuirs is an invaJaable rool to study complex 
microwave topologies in a practicaJ manner. However, its application requires 
the de,sign engineer to know how the nonlinear elements behave under large- 
signal condirions. In order to give such an insight, this chapter employs simple 
low frequency models and graphic^ analysis to help \dsLia1ize die fundamentaJ 
concepts of frequency malripliers* The convenience of low^-frequenc)' models 
relies on the lise of resistive nonlinearities which are relatively easier to LLnder- 
stand. The nonlinear reactanois are neglected here and are considered later in 
die chapter on high frequency' circuits. From this low^-frequency analysis, die 
besE compromise is between harmonic generatroiij device bias, and drain termi- 
nation for a given multiplication ratio. 

The nonlinear model has been covered extensively in the previous chapter. 
The simphfied low frequency FET model employed in this chapter is re pre- 
sented in Figure 3-1, It contains a nonlinear current source, the gate-source 
and gate-drain diodes. 

Three sources of low^ frequency nonlinearity are shown in this modeli 
but die current source is die most effective in the generation of harmonics. 
The Schottky-barrier diodes could be used tor die same purpose, but they 
introduce excessive loss in this process during conduction. They also compro- 
mise relvabiiity. The current source may generate even harnionioi if an asymmet- 
rical distortion is induced in the ourpuc current or voltage waveform. Odd 
harmonics arc generated by inducing* ar the ourput» distortions on both peaks 
of either waveform. Those effects are controlled by bias and proper harmonic 
drain termination. 
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Figure 3 J Low frequency model of a FET, 



In order Eo gain msighr into the mechanism of harmonic generation, one 
can apply simple analytical models ro ihe current source and study the harmonics 
generated by a high-dynamic voltage applied to the gate. 



3.1 Application of a Piecewtse Linear Model 

In this section, the current source of the model represented ai the input plane 
in FigLue 3.1 is used to describe the dxain current as a function of gate voltage 
according ro {3.1)- That relation is assumed to be linear for gate voltages within 
the interval from pinch-oflF voltage to zero volts. A graphical representation is 
given by the plots of Figure 3.2, The diodes in the model are assumed to be 
ideal, being a short circuit for voltages greater than zero and an open circuit 
for voltages lower than zero. For gate voltages lower than pinch-off, th^re is 
no drain current. For voltages greater than zero, the drain current is assumed 



Input plane 



Ouiput plane 



CCBVgdJdss) 




BVds BVgd 



Figure 3,2 Plecewise linear model of a FHT, 
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to be constant and equal to Ijyg^ due to the conduction of the gate-to^source 
diode. 

hs = hss (1 - Vp) for Vp < Vas < 0 (3.1a) 
4)5= 0 for Vgs< Vp (3.1b) 

hs = Im forV(,;5>0 (3.1c) 

The important points to consider in tiie output plane are: 

Point A. The drain current is equal to 7/355 t'he low drain voltage is m 
the limit between active and resistive tegion, defined by the knee voltage, 

Point B, There is no drain current because the device is pinched-oflF and 
the drain voltage is on the limit of breakdown of the gate-to-drain diode. 
The maximum drain voltage chat can be applied is defined as BVjyg. 
Point C The gate voltage is zero so that the drain current is maxiintim, 
and the drain voltage is on the limit of breakdown of the gare-to-drain 
diode. The maximum drain voltage that can be applied is defined as BVq[), 

Observe that maximum drain voltage is dependent on the gate voltage. 
At point B, the drain voltage and gate voltage are both applied to the gate- 
to-drain diode, while at point C, only the drain voltage is applied. Therefore 
the drain voltage is more restricti%^e at low dtain currents. The model also 
assumes [hat drain current is independent of drain voltage, which is valid as 
long as the drain voltage is kept within the Omits Vj^ < Vas^ ^^DS- 

The application of a periodic signal at the gate will induce at the output 
a current that will be dependent on the type of drive waveform, bias point 
and drain terminations. Such a iarge-signal effect can be studied by applying 
Fourier analysis to the restdting currents and voltages, which gives relationships 
to the various frequency components and cheir phases. 

The generic circuir in Figure 3.3 can represent a low- frequency amplifier 
or a frequency multiplier. The circuit contains a matc:hing resistor at the gate 
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side^ and a resonant LC filter connected to the drain side tuned to the output 
signal. The macching reiiisEor makes the gate voltage equaJ to half the generatot 
voltage in ihk circuit. The blocking capacitor, Q/, blocks che dc current but 
is assumed to be a short circuit at the operating frequency. The capacitor 
is also a short circuit at the operating frequencies and bypasses the power 
supply impedmce as well as any noise that eventually couples to the bbs line. 
When representing a tuned amplifier, the resonant circuit is tuned at the 
fundamental frequency. If a frequency multiplier is under consideration, then 
the tank circuit h tuned at the ourput harmonic. 



ZA A Class A 

A class A amplifier is defined as one where the quiescent gate voltage is adjusted 
so that the drain current is set to = IfjSS^^ ^nd drain voltage is set to 
V^Q = {SV/)5— l4)/2. Let us also assume a resistive termination crossing the 
points A{/Q^^s,VJ^) and B{Q,BViJs}. This is the bbs and load for normal linear 
operation of FET devices. Assuming the gate voltage comprises a dc bias voltage, 
Wqq, and a sinusoidal voltage of amplitude Vg, { < Vpl2), there Js no genera- 
tion of harmonic^) in the drain current described by (53), due to the Knear 
relation berween drain current and gate voltage. The maximum linear operation 
for the gate voltage and drain current is illusrrated in Figure 3.4, where the 
dme origin is made coincident with the maximum signal amplitude, 

V^U) = Vg^o ^ V^osi^t (3.2) 

= ho + ln<^os(jt)t (33) 

where, 

l^Q = dc component of drain current 

/^/l = fundamental frequency component of drain currisnr 

In the Omit where the peak of die drain current becomes equal to 
^DSsf^f waveform is siill sinusoidal. To find the magniitide of the gate 
voltage and the time or angle, = cdQt, for the drain current co reach IpsS> 
starting from the qtiiescenr point, one can inspecr the plots, or obtain that 
value applying the proper conditions to {3.1). 

I^GQ + ^si 
1 \Vpl 



(3,4) 



Ids U(t) 




Figure 3.4 Linear class A operation. 

Solving (3.4) for the angle and assuming that Vq^ = | V/3I/2 and 
^ds(9o) = hss^ one obtains, 

^0 = sin^^2l//|Vpn 0,5) 

Therefore, if V'^ = | Vp\f2, then, sin^^^ - 1, and the angle required for 
the drain current to reach Ip^^ is equal co 3r/2, corresponding to the waveforms 
in Figure 3.4. 

Increasing die gate- peak voltage beyond the linear limits, the drain current 
waveform will chaiige, as observed in Figure 3.3* I he angle (po will become 
lower than jr/Z. Increasing the gate peak amplitude, the angle ^0 will become 
lower and lower. In rhe limit, sin {(p) = where the angie <p ^ wt Then the 
waveform of Figtue 3,5 is trapezoidal. The time origin is again selected at the 
maximum amplitude. The selection of a difFercni origin will result in the same 
magnitude for the generated harmonics^ but their phases will be different [2], 
in this context the dme origin is selected such that it corresponds to maximum 
amplitude^ generating a cosines Fourier series. Then, {53} takes the form, 

em 

^ 4>0 + !d\CO^Uti)t + l,i2COS{2w}f^ _ . = ^/^,,COS{/Z€^J/) 

(3,6) 



so 
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Figure 3 J Trapezoidal wave shape generation. 



The panicular case of a symmetrical Erapezoid is obtatned when 
To = ^ TI4. The gare voltage that cnablcii the drain current to be a symmet- 
rical trapezoid can be calculated, observing that the time or phase of the 
sijiusoidal portion of the distorted drairi current from — TM up to the trapezoid 
horizontal line is equal ro fj = T/S, or 

Itt T IT ^ 

The desired gate voltage is found by inserting (3*7) into (3.5) and solving 
for V^. The resulting value, as expected t is greater than half the pinch-ofF 
vqitagc* 

w^ii "Q>707|Kpl (3.8) 

Looking inro the waveform, it is intuitive that the dc term does not 
change, and the harmonic content will depend on how the sinusoidal w^ve 
will be clipped. In the ease of symmecrical trapezoids, the Fourier coefFicicnrs 
arc tabulated [IJ and are given by t3.9a) and (3.9b), 
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^ J" 



sminTTTilT) sinl^iTrCrp + ri)/T] 
niTTifT «7r(To + r\)fT 



(3.9b) 



whefe^ 



(tq + T\) ^ conducTion time 
period of /^(^) 
= mh. harmonic of drain currenr 
Ip ^ peak amplitude of drain current 

The ratio (tq + Ti)/Tk also known as the duty cy^ch, and is equal to 
0.5 for a symmetrical trapezoidal waveform. In (3,9) all even harmonics result 
in zero amplitude, thus, this wave shape contains only odd harmonics. As the 
amplitude of the applied voltage increases further, T\ becomes zero, and die 
output current waveform will approach that of a square wave. This is the 
condidon where the amplitude of odd harmonics ts maximum. Therefore, 
waveforms of this type are adequate to build odd harmonic multipliers, like 
triplers, quintuplers, etc. 

Employing the circuit of Figure 3-3 as a sanirated imiplificr, rhe filter 
has the objective of rejecting all genera red harmonics, and rhe amplifier delivers 
a pure sinusoidal at the outpur. Amplifiers in this mode of operation are used 
for amphficanon of FM modulated signals, or a certain type oFpha^-modulatcd 
signals where there is negligible amplitude modulation. If the cucuit is employed 
as a frequcnc)^ multiplier, then the filter has ro tejeci all harmonies, except the 
output one. 

An important parameter in FET circuits is rhe transconduaance defined 
as the parriaJ derivative of the drain current widi respect to the gate voltage, 
aroimd a dc bias point. 

A similar parameter is defined trnder iarge-^'ignal operarion, t±ie large- 
signal Eransconductance. 6^v/, where it is defined by the ratio of ac drain current 
to ac gate voltage. Note that in this condition, the large and small-signal 
transconductance are idenrical. 



(3,11) 
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Replacing the device in Figure 3.3 by the model from Figure 3.1, ic c^n 
be shown that the voltage gain for class A operation, t?v^, is given by 

GvA=^^L = GMfiL (3.12) 



The voltage gain is constant For any drive signal with amplitude 
V^ < Vpfl. U die input sinusoidal signal has an amplitude V^> Vp/2, the 
output wavrform will resemble a trapezoid and [rom this point on, the device 
becomes saturated. Observe that the magnitude of die drain current was inctea^- 
ing proportionally to the gate voltage before saturation. Now, the fundamental 
frequency^ component of the drain current, is no longer proportional but 
rather given by the fundamental frequency content on the output waveform. 
Thus, die large-signal rransconductance (Gy^^ = ^d\l^g^ decreases when the 
device enters saturation, due to higher increase in gate voltage Gompared to 
die i^/] increase. 

Driving the device with a square pulsed signal, the output will also be 
a pulsed signal w^hich is rich in harmonics. But in this case there is no contribu- 
tion from the de^Hce in the generation of harmonics and it will not be considered 
in this context. It is, however, important in the design of high -efficient power 
amplifiers. In such a case, the signal in the output plane is either on point A 
i^k-h>SS) point B {BVd$,{)) which are low power dissipation points. The 
transition from one point m the other crosses regions of higher dissipation but 
that happens only during a short rime interval compared to the signal period- 
ThereFore, the average power in one cycle of the signal is low, resulting in low 
dc power dissipated in the device, and an amplifier with a high-drain efficiency 
defined by 7} = P^^nt Poo ^^^^ lUtering the harmonics. 



3.1.2 Classes B and C 

Harmonics can also be generated tf other biasing schemes are employed. Before 
discussing class B and C operations, it is imponant to define the angle of 
conduction^ {l<f}), which corresponds to the angular portion of the sinusoidal 
gate cycle, during which the drain current is greater than xero. That conduction 
angle, expressed by (3.13) and with parameters shown in Figure 3.6, is direcdy 
dependent on device bias and signal amplitude, l^he higher the signal amplitude, 
[he lower the conduction angle. The lower the vahie of y^nin^ higher the 
conduction angle. Class A operation is defined when the conduction angle is 
e<|ual to 360 degrees. True class B is defined when the device is biased at 
VJoQ = and the conduction angle is equal to 180 degrees. 
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a3t =<|> 



Figure 3.6 Definitfon of conduction angle, 
where, 

Vgo) - ( W + (3J3b) 

Class AB is defined for a conduction angle betv^^een 180 and 360 degrees. 
Class C is defined for Va\ < Vp. where the angle of conducdon is smaller 
than 180 degrees. Note that the gate voltage in this mode of operarioii can 
be as high as BVcD, where the gate-source diode reaches breakdown. For class 
B operation, the maximum gate amplitude V^is such that the total gate vokage 
is lower dian BVcs on the negative porrion of the c^cle and less dian 0.0 V 
on the positive side. 

The safe region of operation m the drain side is detetmined by the type 
of load employed. The FET current source delivers ciurcnt to the load, therefore, 
a low resistance load develops a low drain vokage, and a high resistance develops 
a high drain voltage. If the load is it\ducuve> die output vokage may increase 
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beyond che desirable maximum depending on the frequency of operacion. In 
any case, the minimum drain voltage is and the maximum is limited by 
the device drain-gare breakdown voltage, BVfj^. in Jaw- frequency operation^ 
the phase of drain and g^Ee voltages are 1 80 degrees so the maximum voltages 
on the gate-side corresponds lo minimum on the draio-side, and vice versa so 
chat there is no maximum on both sides simultaneously. Thus, in low-frequenc}^ 
multipliers, it is possible to apply high dynamic voltages to the gate and drain 
and scill maintain the device within a safe area of operation. 

Applying a sinusoidd gate voltage, the drain current is composed of a 
train of linear sine-wave tips [2] whose Fourier terms are given by 

= 71 TTvi — ' 

^p <f>- cQs(^)sin(^) 

where* 

Ip = lassie - ygJVp) 

^. sin(ii^)cos(0) - nsm{S)cos(n4>) 

fW)n = \ ^/ > 2 

n[n - 1)(1 ^ Go§(^)) 

In the case of a class B amplifier, observe that the gate voltage has tp he 
doubled in order to obtain the same drain current provided by class A, therefore, 
the class B vol cage gain G\^^ is half the gain obtained from dass A operation. 

The standard procedure to determine the best conduction angle for a 
given frequency multiplier is found by calculating the derivative of the specific 
harmonic current in respea to the conduction angle. In the case of frequenq' 
doublets, the optimum conduction angle is 20 = 1 20 degrees. However, it 
becomes coo complex co anaiyrically determine che optimum angle for 
r}> 2, so that it is easier to plot IJlp as a function of conduction angle and 
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graphically determine the besc conditions. Such a plot is fi>tmd in Figure 3.7 
for conduction angles from 0 to 360 degrees. 

it is interesting co observe that the optimum conduction angle is approxi- 
mately given by the inverse of the multiphcacion ratio, 2<Ptifi = 240°/ n, and 
the harmonic current component by = (0.54/^J/^j for 77 > L A summar>^ 
of multiplication ratio and conduction angles normalized to the peak value of 
drain current is described in Table 3.1 for the first five harmonic components. 
For each angie, the table shows the value of each harmonic component. The 
table show^s that for a conducrion angle of 180 degrees, there is no odd 
harmonics, but for a square wave type of wavcfprm, die cable shows only odd 
harmonic components. 

The small-signal transconductance is not defined for class B or C opera- 
tion, but the large-signal value is still given by the ratio /^/| / V^. Thai parameter 



0.6 -, 
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Rgiire3.7 Nornializecl harmonic current as a function of conduction angle. 



Table 3.1 

Fourier Components as Function of Conduction Angle 
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can be employed in an equivalent large-signal circuit for the faodamencal 
frcquenq/ and is useful for caiculadng large-signal impedance. 



3.2 Application of a Square Law Mode! 

In this model, the current source of Figure 3. 1 assumes a drain current propor- 
tional to the square of the gate voltage within the range of gate voltages bei^veen 
pinch-oFF and zero volts, 'rhe drain current beyond those limits is defined as 
in the previous model. The I-V plots for diis mode] are in Figure 3.8 and the 
analytic description is given by 



7ds = hssO - Vgs/VpY 

^DS = ^DSS 



for Vp< Vgs<0 (3,lSa) 
for V(;s< Vp (3.1Sb) 
for 1^(75 >0 {3.18g) 



The main difference in this model compared to the previous one is its 
capability of generating second harmonics in either class A, B, or C. The output 
current for a periodic sinusoidal drive will be again dependent on biaii point 
and drain term i nations, 

3.2.1 crass A 

The bias for class A operation is similar to die one described in the previotis 
model, (i.e. defmed for a drain current set equal to with 
^GQ = Vp^i)- vSonie authors [4] prefer co define class A operation when 
^^GQ = resulting in loss^^ i^he bias current. Assuming the gate voltage 
is described by (3.2) and is applied to the gate, the drain current is given by 




B(BVos.O) 



Figure 3.8 Square Leuv model of a FET- 
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IdiU) - Idn - ^0 + 4ficos(iyf) + /^cos(26;f) (349) 
where, ' ' 



/do 















Fundamental fxequency 



U Vp)^ Second harmonic 



Note that the large-signal transconductance is iigain equal to the small- 
signal ttansconductance, which are defined by 



a^r^^^^"^^^"^^^ ^^^^^ 



GM--f7 =—^0 - Vg^/Vp) (3.21) 

If the input voltage swings within the limits yp< 1^(75 < O, and a resistive 
load IS apphed to the drain, then a large second-harmonic-current component 
b present in the output wavefoim. Linear amplification then reqtiircs the use 
of a filter connected to the drain to eliminate the second harmonic %''oltage. 
In the case of a frequency doubler a harmonic load is employed to reject 
fiintlamental ftequency and matches the second harmonic to the output termi- 
nation. Assuming that K(7o= ^^/>/2and = Vp/ 2, the ratio between die second 
harmonic current and the fundamenial frequency is 1/4, which in decibels 
corresponds to 12 dB, The main advantage of a class A frequency doubler 
built with a square kw device is a clean output spectrum with no generation 
of unwanted harmonics. 



3,2.2 Classes B and C 

A better second harmonic efficiency is obtained by biasing the device in class 
B. True class B is defined when the device is biased at Vo) = where the 
conduction angle is equal to 180 degrees. Now, the drain current is composed 
of a train of square law sine-wave tips where the first three Fourier terms are 
given by 
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(I - cos{<^}) 



^ V 7 . \^ ,-..,...2 (3.22} 



3sin(^)M + sin(3^)/12 - <^cos(g^) 
(1 - cos(«f>))^ ' 



77 (3.23) 



2/^ 0/4 _ sin(2<^)/6 + sm(4<*)/48 
CI - cos(0)) 

«(«" - 1J{«^ - 4)(1 - cos(<A))' 

(3.25) 

where. 



»> 3 



The maximum fundamental frequency current obviously ts obciiined for 
an angle of conduction equal to 360 degrees, wheo (3.23) reduces to a class 
A current. M.mmum second harmonic current as a funcuon of conduction 
angle is obtained by taking the derivative of (3-24) with respect to which 
makes a conduction angle approximately equal lo 135 degrees. The normalized 
Fourier coefficients as a function of conduction angle are shown in Figure 3.9, 




Conduction angle -2^ degrees 
Figure 3.9 Normalized hanrioniG currem as a function of conduction angle. 
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which are useful to determine the best conduction angle for a given muliiphca.- 
tion ratio. 

Two simplified MESFET models have been introduced. The first assumes 
a linear reiation between drain current and gate voltage, and is a good approxi- 
mation of real devices. The models of Chapter 2 show that die device is linear 
for most of die transfer characteristic, and is square law only in the vicinity 
of pinch-off. Thus the square law model is useful only if the device is biased 
near pinch-off and the applied signal amplitude is low. For rhis reason., an 
emphasis wiE be given to die linear model, w^hich permits a simple evatuatioo 
of harmonic current and voltage in the circuit. In spite of the approximations, 
it provides good estimation of output power when operating as 2 power amplifier 
and harmonic power when operating as a frequency multiplien More accurate 
results require the use of the models in Chapter 2. 

3,3 Harmonic Power 

In the previous sections it was demonstrated how to generate a drain ciu'rent 
rich in harmonics from a sinusoidal voltage applied co the gate. In order to 
assess harmonic power, let us initially consider the thermodynamic balance of 
power in a FET [3]i here considered as a dc tp RF converter, represented by 
Figure 3. 10, 

In this nonlinear power converter, the power balance in the frequency 
domain is given by 

Pin + PPC = ^our + (3.26) 

fn low- frequency circuits, there is very little power being absorbed by 
the gate of a FET, so chat P^^ = 0. Therefore^ the dc power applied to the 
device is partially converted to RF energv^ at the output* and partially dissipated 
internally as heat. 



Pir. 


DC/RF 
Power converter 


Pout 






Pfac 







Figure 3.10 Thermodynamic frequency domain representation of an RF converter 



60 



Design of FET Frequency Multipliers & Harrnonic Oscillators 



Dissipated power can be determined by considering the harmonic currents 
and voitagcs ,n rhe FET [4]. The harmonic currents can be expressed in the 
ame domam by the sun, of aJl frequency compoi^ents, according to a Fourier 
series tor a periodic signal, represented by 

W - I K.y-'"' (3.27) 

Combining die drain current components with the load impedance 
obtains Che drain voltage in the frequency domain rhrough the equation: 

= Vdd at « = 0 
^iin = ~4i!^z(«w), ?j = output harmonic (3.2iJ) 
0 for all other harmonics 

This equation is ^^lid For arbitrary loads, as long as rhe maximum vol tage 
swing Ls withm rhe range K/. and BVj,,, and a. long as rhe drain currcm is 
independent of drain voltage. The drain voltage on die time domain is given 

^^/') - 1 V^ne^'"" (3.29) 

The power dissipated by the device in the time domain, P^^^., within 
one cycle of the microwave signal is given by 

r 

0 

According to Parscval's Theorem [5], rhe dissipated power can also be 
obtained from die frequency domain components, as described bv (1.31) Tlii.s 
theorem implies that the total average power of a signal is composed of the 
sum ot avetage power of each frequency component. 

^Diss = S 4/ (3.31) 
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where, the value with an asterisk represents che complex conjugate of the 
origmal variable, Tht voltages and CLirrents are root mean square value^i (rms) 
and should be transformed to peak values, and /^^j, a common practice 
in microwave circuits. An additional modification can be done in this equation, 
considering chat I^^^it) and V^(r) are real time functions. In this case, the 
harmonic currents and voltages are symmetrica] conjugate in the frequency 
domain> so thai (331) can be simplified to: 



^DJSS = S ^'dn (3.32) 



where, 



hi} ^jDOi ^ = 0 

Re\lj^j n - output hanapnlc 

0 for all other harmonics 



In this equation, Vjj^^ represents the dc supply voltage and //>() is the 
time average value of the /^-(f) waveform, which is a function of bias, input 
signal drive, md waveform shape. The equation also states that, ideally there 
is no power dissipated in any harmonic except at the desired output frequency. 
If the device delivers power to the external circuir at the harmonic frequency 
instead of being internally dissipated, dien P^^^ is negative and is given by. 

= -Re{l4j, V^,/t/2, n = outpur harmonic (333) 

Therefore, replacing the harmonic voltage \% ^ -Ij„Zi{n(ij), for 
7i> \, and assuming the load impedance is conjugate symmecric, power can 
be represented by current and load impedance instead of current and voltage. 

/'diss = ho Vdo - S \U^~^^\Zl{n(om (3.34) 

This expression states chat the total power dissipated in the device coib^ 
prises a dc power minus a sum of ac power delivered to the load 

J'nm ^Pdc- 035) 



where, 
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^DC = /do ^DQ* dc power . .|. 

^oui = l^^tX'^AZ.iinti})]!!, power delivered at the n^ih harmonic: 
^oxii n^m - 0^ no power is delivered at all other harmonics 

34 Fundamental Frequency Power in Amplifiers 

The maximum output power is obtained when the magnimde of current and 
voltage dre maximized and their phase relation is equal to 180 degrees. That 
condition is met at low frequencies where there are no parasittcs and the load 
impedance is purely resistive* 

1/^.1 1 1^^.1/2 1 (336) 

The maximum dmin voltage s-w'ing is a physical constraint of the device 
and is limited on the low side by the tuin on voltage, 14, and on the high 
side by the breakdown voltage, BVq^. In a real device, the mode! in Figure 
3.1 has to include the builr-in voltage of the diodes, so that the device can 
deliver a drain current grearer dian 4)55, The maximum current swing is then 
determined by If^ which corresponds to the onset of gate cotiductton, 

3.4.1 Class A 

In class A pQwer amplifiers, the device bias is set at half the maximum drain 
volrage and half the maximum current, so thar the maximum power is deter- 
tnined on the I-V plane represented jn Figure 3.11, by a load hne crossing 
die points {VkJf) and {IVon- ^kfi)- The optimum drain bias and the 
maximum RF peak drain voltage is given by 

Vfii -{VoD- Vk) (3.37) 

The optimum load for a class A power amplifier is the one diat maximizes 
signal swing within the linear regions represented in Figure 3.1 I. Therefore 
the oprimmn load is given by the tario of the peak vokage to the peak current, 

^?iopr = 2(K/j/,- Vk)llf (3.38) 

If Ri < i?i opt ' the current swing is maintained but the voltage swing is 
reduced. This load introduces clipping on the cur rem waveform by the gate- 
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Figure 3J1 Load line for a class A power amplifier. 



to-source diode conduction with coiiscquent power loss. The reverse happens 
if Ri > /?LopE' where the signal is driven into the resistive region and also at 
the onset of avalanche vokage, BVcs^ with similar results. In both cases there 
is a dc current flowing through either the gate-source or gate-drain diodes. 
The effect of load-on-drain currenr and %^oltage is illustrated in Figure 3T2. 

The linear average power delivered by the device is obtained from die 
produa of the rms voltage and current at the fundamental frt^quency, as given 
by 



P. 



(339) 



The maximum output power is reached for a drain volrage equal ro 
= {ypD- y0 '^^'^ a '1^^ current equal to /^j = IfH. Applying the 



1 i' U Rl>R: 




... 0 



n 



rj" 



Figure 112 Effect of toad-on^drarn ctffrent and voltage waveforms. 
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parameters of the reference device, K^^ = 4 V, I^^l.OV, and 
/p= 90 niA, one obtains a low frequency P^^^ = 67.5 mWor 18.3 dBm. The 
dissipated dc power in the device is given by tiie difference between dc pov^er 
and Ri- power, which is given by (3.40) for the maximum output power 
condition. Iti class A, the mMum Rf'' power and die dissipated power in 
the device are the same. 

^Diss - Pdc- ^™tA = hiVoD - Kf)/2 - IfiVau - Vi)f4 (3.40) 

The drain efficiency is deBned by the ratio Po^tA^Pop, which in diis case 
IS equal to 

^''^I.iVou-V^) OAl) 

The equation shows that under small-signal operarion, K^j is small 
resulting in low efficiency. Maximum efficietic)' is obtained when the signal 
voltage and current are equal to die maximum drain voltage and drain current, 
and is equal to 7}^ = 50%. If the device is biased such diat maximum voltage 
swing reaches breakdown, then the maximum voltage (2 Vq^, - l^) can be 
replaced by {BVj^^ + Vp - I/>). In such a case, the maximum linear power is 
defined by 



p {BVgs^ Vp- Vk) If {BVos+Vp~ Vi^)!p 

' outA = p = = ~ ii-L (X ATS 

i-sji 2^/2 8 ^^-^^-^ 



Therefore, to extract maximum power from a given device, one has to 
drive it at its physical limits in current and voltage. The class A power amplifier 
just discussed is considered a resistive load line, that is, a load that is resistive at 
the desired fundamental frequency and harmonics. The tuned power, on the 
other hand, considers a resistive load only at the output harmonic and a short- 
circuit at ail other harmonics. Thus, a class A power amphfier opcradon, eidier 
at a tuned load or a resistive load, provides the same power since there is a 
low degree of harmonics generated by die device. 

- /?Lopt. for « > 1 Resistive load 

Zi(Ka>) = /?L„pt, at the output harm ante Tuned Joad 
= 0, for all other hanmonics 
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3.4.2 Class B 

In class B, the f-V plot is dLffcreat and depends on type of load^ if resistive 
or tuned. The resistive load does not present interest in communication circuits 
and is not considered in this eoncm, A typical high-frequenq^ class B power 
amplifier circuit with a tuned load is represented in Figure 3-3, The resonant 
circuit is timed at the fun dame ntaJ frequency and all harmonics are shorted. 
The current and voltage waveforms are iadicated in Figure 3*13, %vher€ a load 
line is different from class A operation. Instead of "load line/' the world signal 
path [2] or trajectot}' [7] in the output plane seems more adequate and is used 
in this book. 1 he figure also depicts a few instants of rime during one cycle, 
to illustrate the operarion of a class B amplifier. At t = t]^ the gate voltage is 
crossing Vp in the direction of maximum gate voltage, 0.7 V, At the same 
timcT the drain current goes from nearly zero at die quiescent point ro the 
maximum value^ If, at f = ti. After reachmg the peak value, the gate voltage 
returns to the bias point at / = t^^ and the drain current and voltage returns 
to the bias point at the same time. The gate voltage crosses the bias point in 
direction of maximum negarive vokage at f = /4. During the inrervaJ 
^3 — r^, the drain current is zero, but the drain voltage continues and is 
sinusoidal due to the filtering action of the tank circuit. 

The dc voltage and fundamental fi-equency voltage component are given 
by (3.43) and (3.44), which are h-dpftd for calculating the RF power and dc 
power in the device. 



Input plane 



Output plane 



(3.43) 
(3.44) 




Figure 3.13 Waveforms and \wi line for a tuned class B power amplifier. 
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Based on tliese resulrs, one concludes that the maximimi fundamentaJ 
frequency power in class B is equal to the maxijnunT power in class A. However, 
the power dissipated by the device is much less, which can be observed cDmpar- 
ing (3.46) and (3.47). 



^ovitA = ^^u.B - ( T^DD - n) /fM (3.45) 
/f(V^DZ>" Vk) lAVpD- Vk) hiVpn- Vk) 

(3.46) 

HypD- Vk) fFiVpD- Vk) lFm73VnD- Vk) 

(3.47) 



Class B: Pi>isS = ^ 4^4 



Therefore, class B efifidency, is higher than class A. For maximum 
output power ^ If) and a low vaiue of saturation voltage {Vi,- 0). 
Tjii^ 78.5% which represents a 28.5% increase in efficiency over class A 
operation. 

^^ = 4T Vr,o ^^^^^^ 

The fundamental frequency^ impedance is obtained by dividing the voltage 
component by the current component at die same frequency. The result is 
equal oprimum load impedances for both classes of A and B operation. 



3.5 Harmonic Power and Bias in Frequency Multipliers 

In frequenq' multipliers, the objective is to generate a distorted drain current 
or voltage waveform by means of proper bias and drain, cermi nation, [tispccdon 
of the l-V plots for the PET represented in Appendix A shows three different 
biasing regions adequate for generating harmonics, namely pinch-ofFbias, Idss 
or zero gate bias and between both condidoos, 

3.54 Region I: Pinch-off Bias/Class B Multiplier 

The proper biats point for a class B mukiptier is in the viciitiiy of pinch-ofF 
which generates a half-wave slnusoidai current rich in even harmonics. The 
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circuit schematic of Figure 3.3 represents this condidon of operation by making 
the resonant circuit tuned at the output harmonic. The properdrain terminadon 
is the one diai indtices the highest peak current. Thai is obtained by a short- 
circuit at the fundamental frequency indicated in Figure 3T4 by the vertical 
line crossing the bias point Vqd, Ideally, the load should be a iihort circuii: at 
ail harmonic frequencies; however, the presence of a load at a specific harmonic 
deviates the signal tiajectory in the output plane and the load line becomes a 
(imcdon of frequency. 

The plot of Figure 3.14 illustrates the case of a frequency doublet, where 
a few instants of dme are selected ro explain the muldpiying effect. At 
t ^ t\, the gate voltage is crossing Vp whiJe the drain voltage is crossing the 
point \(ZVi)o~ 0]' The gate voltage proceeds from t\ to ti, while the 
drain crosses the entire active area up to the maximum current point, 
{\%, If) at t ^ From ^7 g^te and drain voltage return to the 

previous point [{IVdd— K^), 0]. The gate voltage proceeds deep into puich- 
off from f3 to and back to quiescent point at ^ ^ t'y. During this dme, the 
drain currenr is zero, but the drain voltage is not due to the filter acdon. The 
device delivers an output voltage at a frequenc}^ double than the one applied 
to the gate. 

In this condition of operation, the nonlinear transconductance is the 
most important harmonic generator. The dc and second harmonic component 

Input plane Output plane 




Figure 3J4 Waveforms end signal trajectory for dass B multiplier. 
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of draiQ-voltage waveform are similar to che dc and fundameotai frequency 
cornpoDent of the class B amplifier and are given by (3.49) and (3.50)* The 
optimmn impedance at the ourput harmonic is given by the rebnon between 
the drain volmge component, and the output harmonic current compoaenL 

Ru?t(^<^) = ( ^/)D - ^k)flj« (3.49): 

The harmonic output power h given by the product of the harmonic 
current component and the vohage component, both taken as rms values for 
average power calculation, 

„ {VDD-Vk)I^ {VpD- \m„ ,,cnv 
V2 ^ 2 ' ^^-^^^ 

Comparing the maximum power obtained at the second harmonic with 
the maximiini power obtained at the fundamental frequency by a class B 
amplifier, the frequency doubler power, P^^^^^ provides 2.3 times less power, 
or nearly 4 dB less powen 

[Vdd- Vk)If 4P„^^ 
= = (3^51) 

As 2Ln example of the application of this equation, the maximum second 
harmonic power that can be provided by die reference device caljculated. 
The output power is equal to 7^^^ = +14,6 dBm* 



15,2 Regiof? II: loss Bias 

The second important bias point is with a zero gate volt* which in some 
publications 151 is also referred to as a class A muhiplier. This bias point should 
give the same performance as the pinch-otK it the gate voltage swings from 
zero to pi nch-oflp volts and a low "tmpedaace is connected to the drain. However, 
a high gate ^^oltage turns the gate-source diode on during part of ihe positive 
signal c}^cle, introducing unacceptable Rf losses and a high dc power dissipation. 
But the device shows a high gain (high transcend uctance) at this bias point 
which can be explored by 

• Limiting the positive gate-vohage conduction; 

• Applying an open circuit to the drain, so that a low-drain current cm 
develop a high-output voltage on the intemaf impedance. 
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One way to minimize the gate conduction effect is to apply the dc current, 
rectified by the gate-source diode, to a large resistor connected from gate-to- 
ground- Such a current will develop a negative voltage on the resistor terminals 
which will self-bias the FET proportionahy to the signal amplittide- With 
limited gate condtiction> RF losses will be minimal and the operation becomes 
reliable. The self-bias circuit is represented in Figure 3.15, by th^ resistor R^^ 

The generator is matched by the shunt 50 ohm resistor, and the capacitors 
Q/and Q are shon circuits at the operating frequencies. The resonant circuit 
is timed at the frindamental frequency, thus applying a high impedance to the 
drain* The inductor I4 is of high value so that it is an open circuit for all 
harmonics. 

The simplified models introduced in Sections 3T and 3/2 assumed an 
infinite ourput resistancej or zero output conductance. That condidon is approx- 
imately valid ior power amplifiers and class B multipliers* due to the low 
impedance applied to the drain at the fundamental frequency which shimcs 
the output conductance. However, real models have a finite nonlinear resistance 
that can be used to generate harmonics, and require an open circuit for its 
eKploitarion. Such a termination at the fundamental frequency generates a 
higii -voltage waveform which will be distoned by die output conductance of 
the device ar low-drain voltage. At the other extremct the drain voltage is high 
and is detetmined bv the large-signal voltage gain of the device* 



C3.52} 



In this mode of operation » the nonlinear output conductance is the 
most important harmonic generator, in spite of a significant moduladon of 
transconductance. The drain current and voltage trajectory in the output plane 
are similar to the one depicted in Figure 3 J 6 for the case of a frequency 
doubter. In this plot, consider the five histancs of time depicted on the 




50 Q 



Figure 3J5 fuss frequency fnuttiplier. 
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fiindamental frequency gate volrage. At t ^ ti^ the trajectory of current and 
voltage on the oucput plane is crossing the bias point in the direction of 
max i mum gate vol rage at / = £2- At this itisrant, the drain vohage enters the 
rt^sistivc region and distorts the drain vohage. 

When the gate vohage crosses t^, the drain voltage crosses the bias poirLt 
and proceeds to where the drain %^olrage amplitude is high and is hmited 
by the output conductance. The resiJting drain vohage is distorted and the 
drain currenc is sinusoidal due to filter action. 

The drain voltage can be approximately described by a train of sine-wave 
tips whose Fourier coefFLcients are given by (3T4) to (3 J 6) with replaced 
by Vp. The optimum drain voltage is a trade-ofF between waveform distort ion, 
maximum dynamic drain voltage, and power dissipation. Maximum voltage 
swing is determined assuming Vj^d ^ V^t so that the conduction angle becomes 
close to 180 degrees and the wavefotm can be approximated by a halEvave 
cosine* If the gain is high enough, the maximum drain voltage is close to 
BVoSf second liarnionic vohage coefficient is given by 



V42-2{BVds- VOBtt (3.53) 

Maximum current swing is obtained v^hen die voltage developed on die 
self-bias tesistor is such that the bias current is Thus, the maximum 

output harrftome power under these ideal condidons is given by 
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Calculating the maximum second harmonic output power for this class 
of operanon, it is found P^^^ = +14.6 dBm, which is the same power provided 
by the previous bias. However, in practical circuits, these ideal conditions are 
difficult to meet while, in the p inch-off case, the theoretical conditions are 
relatively straight tbrwaid. One should expect a higher gain and lower power 
output for this bias condldon compared with the pinch-off. The optimum 
second harmonic load impedance Is still given by the relation between harmonic- 
voltage component and the drain-current component. Assuming full-current 
swing from zero to If, one obtains die result given by 



3.5.3 Region ill: Class A Multiplier 

In this region, both the iransconductanceand output conductance are important 
nonlinear generators. The device is biased in class A, and the objective is ro 
generate at the output a distorted waveform (current and/or voltage). The 
signal trajectot)^ will be dependenr on die t)=pe of load connected to the drain 
at the fundamental frequenc)% and on the signal dtive. Let us assume a filter 
is connected to the drain to block the fundamental frequency component, so 
that tlie load is reacrive. Applying a small amplitude voltage to the gate^ in 
the manner shown in the plot of Figure 3J7t the trajectory* on the output 
plane is an ellipsoid due to the effect of reactive load conneaed to the dram. 
Increasing the drive, the extremes of the ellipsoid become distotted, the result 
oi clipping on drain voltage and drain current. This '"symmetrical" distortion 
should approximate a square wave with large-signal drive. ITierefore, this bias 
is adequate to genetate odd harmonics at the cost of a high-input power to 
drive the device into saturation. 

Observe thai in the figure, drain bias was reduced so that a lower drive 
power can symmetrically distort die output voltage. The waveforms in the 
circuit are adequate for odd harmonics generation. The output power in this 
case is ideally obtained by calculating the third harmonic component of both 
voltage and drain waveforms, which are symmetrically clipped sinusoid. 

Pcmt = clliVno- n)Ip]/2 {3,56) 



where 
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Input plane 



Output plane 




Figure 117 Class A multiplier signal trBjectory and waveforms. 



for square wave 
for txapezoidal wave 



The ourpur power is dependent on output waveform and can range from 
4.5 dBni in [he case of trapezoidal waveform with 0,5 duty cycle, to 10.8 dBm 
ill the case of a square waveform. The optimum load at the third harmonic 
will be given by die ratio of voltage and current harmonic components 
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High Frequency Multipliers 



The extensive ti'eatmeni of low frequency mitldpHers in the prevlom chapter 
focused on the direct generation of harmonics from a distorted waveform and 
is the ba.sis for buifding frequency miikipHers. The analysis made use of a simple 
model containing the main nonlinear resistive eiemenEs within a MESFET. Ar 
microwave frequencies, the parasitio associated with rhe device can no longer 
be neglected as they modify inptu/outpuc impedances and introduce unavoid- 
able series and parallel feedback. External feedback can also be used to enhance 
harmonic genetarion. Therefore, the generic represeotarion of a freqiienc)'- 
multipher depiaed in Figure 4. 1 should include not only rhe input and ourput 
networks but the feedback as well. 

The generarion of even harmonics at low frequencies is obtained by 
as)'^m metrically distorting the drain waveform (current or voltage). The odd 
harmonic generation is obtained by symmetrically distorting the drain wave- 
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Figure 4.1 Generic high frequency miiltiplier, 
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form. It has been shown thac the control of such waveforms is carried out by 
proper bias, drive level, and drain terrainarions. At high frequencies, the genera- 
tion of harmonics is provided by the same nonlinear elements, which now are 
surrounded by parasicic capacitanceSr inductances, and transmission lines. One 
can also describe the generation of harmonics as originating nor only from 
current or voltage clipping, but also due to the mixing of fundamental frequency 
and any one o/ die gen enured iTarnionics. One ^v^y Co use mixffig k ro reflect 
all generated harmonics back to the drain and the other is to feed them back 
to the gate. Use is made in the first procedure of the output conductance 
nonlinearity. and in the second procedure, of transconduccance nonlinearity 

ti]. 

AssuirujTg the harmonics fed back to the input are of a lower level than 
the fimdamental signal power, P^, the following mechanisms contribute to 
enhance the output power at the desired harmonic: power amplificauon of a 
sample of the output harmonic {^/) and frequency conversion by mixing the 
(;? " 1) and/or {// + 1} output harmonic with the fundamental frequency. In 
an ideal situation where the phase of the feedback signals are such that all 
power terms add up at the output, then die power at the desired rnh harmonic, 
can be represented by 

P, = (I - A,}[P,MG ^ P,A,G, + t^,.M A-i + ^..1 A,,i)CG] (4;l) 
+ other terms 

whercj 

Pfi ^ Output power at ?3th harmonic 

P^ = Output po\^'e^ at frmdamentaJ frequency, 

Pfj-\, P„+i = Power at the harmonics (n — 1), (;? + 1) 

Af^l, Af^i^i ^ Power coupling or reflection coefficient at the 
harmonica (n - 1). (rj + 1) 

In this equation one can identify' the three most important mechanisms 
contributing to the global multiplication efficienc)^ They arc: 

t. Frequency multiplication from the frindamenral frequenc)^ to the n 
harmonic, whose power gain is denoted by A^G; 

2. Large-signaf amplification of parr of the ft^^ harmonic fed back to the 
input with a powet gain Gt,; 

3- Frequency conversion resulting from mixing the frmdamental fre- 
quency with the feedback harmonics — 1) and + 1) with a 
conversion gain denoted by CG. 
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To rake advantage of the output conductance nontineariiy in the mixing 
process, the drain termination at the fundamental frequency and at the neigh- 
boring harmonics {n — 1) and + 1) must be such thar the power contained 
at those harmonics is reflecred back to the device with an adequate phase to 
maximize the voltage amplitude at the drain, optimizing the mixing with die 
fundamental frequenc)' component. These conditions are difficult to implement 
ar higli frequencids dtie ro rhc presence: of parasirics thar present high rc^cninces 
at the harmonic frequencies. The application of nonlinear transconducrance 
to enhance harmonics in this process is even more complex since it rcquures 
feeding back to the gate tiie harmonics (n - 1) and {n + 1), with control of 
loop gain under unity to maintain stability. The objective of this chapter is 
to identify the high-frequency effects on frequenc)^ multipliers, and investigate 
how each of the described eflFects can be used to improve a mulripiier perfor- 
mance. 

4,1 The High Frequency Model 

The high -frequency model, represented in Figure 4.2, includes the nonlinear 
gate-sou tee and gate-diain capacitances, which in this model are approximated 
by the capacitance of reverse-biased Schottk)^- barrier diodes. The model Includes 
the parasitic inrrinsic c^pacmnccs C^, the bonding pad capacitances and 
a parallel feedback capaciranee C^^j^ The wire bond inductances L^, L^, Z^are 




Figore 4.2 High trequBncy nonlinear model. 
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not from the device itself biic they are unavotdablc wten the die is connected 
to extemaJ cirGuicry. 

It is obvioiis from this figure that the number of variables involved in a 
high-frequency multiplier is so high that sonic limitations will have to be 
introduced to obtain conclusions that are readily applicable to practical circuit 
design- Therefore, let us eliminace the bonding pad and feedback capacitances 
and use the resulting circuit for a simplified high frequenc)^ analysis. 

The first high -frequency' effect co take into account the design is the bias 
selection which now has co consider the fact that maximum voltages may be 
present simultaneously at the input and output of the FET, This condition 
may happen at high frequencies due to phase shift introduced by the FET and 
due to the impedance of the terminations connected to the gate and drain. 
Thus, if the gate is biased in deep class C ( Vcq ^ Vp) with the purpose of 
decreasing the duty cycle and increasing the desired harmotiic amplitude, the 
reverse voltage on the gate-drsun diode may exceed the device avalanche voltage. 
This extreme condition may happen if the amplitude of the gate-source voltage 
is equal to {Vgmjix~ 1^6o)> ^Jid the reverse voltage is eqtia! to 
[ ^dmiiyr ~ ( ^^ri^Lx ~ ^'Go)]* Thusj fot ptacilcal high-frequency applications* gate 
bias should be limited to class A, class AB, or class B operation. If class C is 
required in order to obtain a duty cyd^ less than 50%, then a careful computer 
simulation should be done in order to determine signal phase shift and to 
crad^-dfF bias and signgl amplitude for the best harmonic generation. 



4.2 Drain Effects 

An important high frequency effect is noticed at the drain terminal where the 
nonlinear elements are no longer directly accessible. Thus, in the case of class 
B multipliers, a short circuit between drain and source terminals does not 
reproduce the same low frequency condition close to the internal nonlinear 
elements. This can be visualized in a more effective way if the circuit of Figure 
4.2 is simplified to represent only the drain circuit, shown in Figure 4.3> The 
nonlinear elements are the current source, 4/,^ =^ Gji^j Vgr and the output conduc- 
tafice, Gdsj which are separated from die output short by (J?^ + /?^), 
(Q, + Cg^], (Aj L^) elements. As a matter of fact, the drain load at the 
fnndamental freqtjency has to series resonate the drain-pius-soiirce inductances, 
to approximately obtain the same low [requency effect. 

The low drain impedance at the fWdamental frequenc)' is in shunt 
with the output conductance, minimizing its nonlinear effects on the overall 
performance, and making the transcqnductance the most important noahnear 
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Figure 4J Simpttfied high frequency drain pircuit 

element. The output harmonic voltage at the device terminal, V^„, is given 
by 

where, 

C ^ C,is + 
I = L, t L4 

The previous equation assumes a constant ctnrent source at the output 
harmonic driving a complex load. Resonating the load reactance at the 
output harmonic, higher voltage is available which translates into higher 
output power. Power can be increased further if the load resistor is alsp 
increased. However, there is a limitation on the magnittide of the harmonic 
drain voltage, restricted by the device internal impedance, Tlie load impedance 
is given by Z/ = /?/ +yaii, the de\'ice output impedance given by 
Z/) = /f + lf(Gfjs + j^C), and the output power at harmonic n can be 
expressed by 

^ (4,3, 

^IGiys ^ ju}C\ \Zi -f Z^l^ 



The tnatched conditions are obtained when Z^ - Zif^ which in this case 
is also the condition for maximimi power^ as expressed by 



Design of FET Frequency Multipliers & Harmonic Oscillators 



Keep in mmd. tliar che power condinons are dependent on the fundamenEai 
frequency termination wtiich has a direct impact on /^,, Thus, the maiching 
at tbe output harmonic be applied if they do not interfere with the 
fuitdamenral frequency term inaE ion. A similar result is obtained for the class 
A or I/^i^ mukipiier, where a distorted voltage waveform is estabiL^hed at the 
drain* In char cslsc, die high- load impedance cormected to the drain has to 
parallel resonate the bonding wirc^s pltis capacitances to obtain a high voltage 
swing ai the internal drain impedance ai the fundamental freqiiency. Therefore, 
the current generator will develop ^ distorted voltage ac its iniemaJ nonlinear 
output conductance and both elements will generate harmonics. 

The equivalent harmonic voltage generator represented in Figure 4 A has 
an associated cquivalenc internal resistance. R^)^ = 1 / Go5^ obtained froni the 
average value oFthe output conductance under large-signal conditions. There- 
fore, at the output harmonic, the load also has ro be able to resonate the 
bonding wire inductance and the equivalent capacitance to obtain maximum 
efficiency. The equation for output power at the output harmamc is similar 
to che one employed in the previous case and is given by 

211 +>c/ffl5riZi + z^r 



4.3 Gate Effects 

The next bigh-trequency eflect is obsen^ed at the inputs where the voltage from 
the generator is no longer direaly applied to the control capacitor, but to a 
complex gate impedance. At Iiigh frequencies, a high standing wave may be 
established with very low voltage developed on the control capacitor, Cgjj 
resulting in poor mulriplicadon efficienc)^. One way to maximize that voltage 
is to 3pply die principles of maximtmi energy transfer from a source to a load. 
This condition is accomplished in a mamicr similar to amplifier design » where 




Figure 4.4 Equivalent voltage harmonjc ^eneraton 
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the input impedance is conjugately marched to the generator impedance if the 
device is stable. 

The problem then is to model an equivalent input impedance, dependent 
on load termination and on signal level, to design che mat clung network. 
When deriving the equivalent inpui impedance, one must also take into account 
the input capacitance nonlinearity at high frequencies. An accurate equivalent 
impedance can only be obtained from a lidl nonlinear simulation. However, 
approximate values can be determined from the following anal^s which 
assumes the gate- to -source capacitance, C^^, varies nonlinearty with the gate 
voltage and is independent of drain vokage. 

A reasonable approximation to simulate this capacitance is to employ 
(2.2) and (2.3) to describe its value widiin the active region and in the pinch- 
ofl region as a function oi voltage. There are two ways to obtain an equivalent 
value for che nonlinear capacitance: (I) the Small-signaJ approximation which 
is applicable to mosc class A amplifiers; and (2) the large-signa! approximation 
applicable to other nonlinear circuits. 



Nonlinear Reactance/Small-signal Approxfmation 

In this condition, die square root capacitance- voltage relation can be approxi- 
mated by a Taylor series. This approximation is described by (4.6), where the 
terms above the second were negiected. 



1 v^(f) 

l{V<f>- Vcq)^ A{V<f>~ Kot)^ 



(4.6) 



where, 



CgS{) = capacitance at the bias point Vqq 

^(^) = V^coscot, AC voltage at the capacitor cenmnals 

This equation shows that at low signal levels the ac terms are very small? 
and the equivalent capacitance is equal to the capacitance of the bias point. 
When signal amplitude is increased, the capacitance at the bias point will 
alternate proportional to die amplitude oi applied signal. However, the average 
or equivalent value is still the same, (i.e., the capacitance at the bias point). 
Increasing the signal ampliiudc even more, the square law term becomes 
important and total aipacitance is tound by replacing Vg^ii) by the cosine 
t€rm. This description is valid as long as the applied voltages arc much lower 
than the applied bias. Therefore, the total capacitance becomes proportional 
to the square of signal amplitude. 
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aV}.W) = CgsoD + J^-vJ] (4.7) 
where^ ' • 

4.32 Nonlinear Reactaitce/Large-signal Model 

Application of Taylor series k only pracdcai at low levels due to the high number 
of terms required to represenr a nonlinear ity under large-signal conditions. In 
such cases a Fourier analysis is more accurate and is used to determine die 
equivalent value of nonlinear reactance at the fundamental frequency. The 
equivalent aipacitance is obtained by averaging the charge variation over one 
cycle of applied voltage. The capacitance is defined as the derivative of charge 
with respect to voltage 

aV) = dQ{V)IdV (48) 

where Q(F} is the charge on the capacitor terminals. TTie charge is obtained 
by ijitegrattng the capacitance with respect to voltage. 

QiV) ^jC(V) dV (49) 

The nonlinear capac^itance voltage relafionshlp can also be expatidcd by 
a Fourier series as 

C(V) = X Q^'"' = C(jso{Vai)) . X (4.10) 

The FET input matching circuit is mainly concerned with the fimdamen- 
tal firequency, so chat only the average value of the series needs to be considered. 
Assuming a cosine voltage V^ir) = V(^{) + V^cosctJf is applied to the capacitor, 
after integrating (4.9) the charge is described as 

Q{ V^At)) = C-g5o{Fct) V^cosm (4. 1 1) 

The average capacitance can be obtained by multiplying this equation 
by Gos^yt and integrating over one cycle of applied signal, and dividing by the 
total duration 2ir, Therefore, , 
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2w 



Q{V^{p))cos{i^t)d{i^^) = j Cg5o(%o) V.cos'{iot)d{a^t) {4T2) 



2ir 



(t))ca%{a}t)diwt] 



(4T3} 



Based on this equarion, the equivalent capacitance is obtained from the 
charge as a function of applied voltage, which requires integration of (2.2) and 
(23) within the active and pinch-off regions. The resuhing charges, and 
Q2j are respectively, 



QiiVp) = "Ccsomv^ - Vg)f^ + 90 for Vp < Vas (4.14) 

for Vp > Vgs (4.15) 



where, /jq ] = integration constant to maintain charge continuity, 

A conventional capacitor has no stored charge with zero applied bias. Tn 
MESFETs, the zero gate bias does not imply zero bias at the internal capacitors 
due to the voltage drop at the source resistance and to the buili-in voltage of 
the Schottky- barrier. Therefore, the constants of integration are not zero, TTie 
total average charge is given by the average of charges Q\ and Qi^ 

A physical explanation of the dependence of equivalent capacitance as a 
function of bias voltage and large- signal voltage can be achieved by graphical 
analysis, employing the Q(V^^) plot. Figure 4.5 illustrates the plot of (4,1 4) 
and {4T5), which provides a graphical relation between the charge at the gate 
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Figure 4.5 Charge modulstmn for class A bias. 
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as a ftmcDon of applied voltage. It ako shows the charge modulation due to 
application of a sinusoidal voltage to die gate of a device biased in class 
^6^" - indicated by point A on the pioL Observe chat the distortion on 

the charge by the application of a lajge-signal is low. Thus* the average charge 
or capacitance is approximately given by the capacitance at the bias point> 
therefore similar to the small-signal resuh. 

Jji Figure 4.6. tht^ device is biased in cl^ss B, V(^s ^ indicated by 
point B» and a large-signal voltage is superimposed to the bias. Observe that 
in the negative side of the applied waveform, Q(V^), is Hnear and therefore 
Q{t) is also sinusoidal. On the positive side, Q( V^) is not linear and distorts 
the sinusoid. From the Q(r) plot, it is obvious that the average value over 
the signal period is shifted upward co point B', The increase in capacitance 
propordonal to signal level can still be given by (4.7) with the appropriate 
Gonscants, 

Biasing die device at Iqss* in Figure 4.7, a highly distorted charge is 
produced. An approximate graphical solution consists of the hnearizadon of 
the Q( V^) relation in two parts, linear berween Vpto zero and between zero 
to the onset of gate conduction. The average capacitance is then determined 
from the average of both linear functions. Comparing die wo areas of 
(j*e. rhe one at lfe> 0 wirh the one ar V{^s 0)* figure, note that the 

latter has more area so diar the average charge over one period is shifted 
downward to point C lowering the capacitance at the bias point* 

An accurate determination of the equivalent capacitance requires integra- 
tion of (4. 13) which is a complex task best left to a computer to do a numerical 
integration. Due to this thfficult)% a simple approximate alternative is to obtain 
the equivalent capacitance of a MESFET under large-signal conditions ar low- 
frequency, as a function of bias drive voltage. The rca^ion to perform the 




Figure 4,6 Cfrtafge motJuIation for class B bias. 



Q(t) 











1 






V^(0 





Figure 47 Charge motiylation at Iqs^ bias. 

simulation at low-frequency is that the generator voltage is dilecdy applied to 
Cg, widiout the need of a matching circuit. The simple circuit of Figure 4.8 
can be simulated by any commercial nonlinear software package to calculate 
the gate current due to the applied voltage, Vj. 

The average gate-source capacitance is obtained from rhc large-signal 
input impedance, defined by (4,16). Thi^ procedure is vaJ/d if caution rs taken 
to nnaintain at high-frequenc}^ the same capacitor voltage used ai low frequency. 



(4.16) 



After estimaiing the equivalent value for f^for a given signal ampiitude, 
It IS possible to obtain the high frequency equivalent input impedance from 
(4.17) and (4.18). for a shorted drain termination. These expressions are valid 
only if the circuic Is active, either class A or class AB bias. Otherwise they will 
have to be modified. The large-signal transconductance for the linear model 
of Chapter 3 presents the same small -signal and large-signal transconductance. 
Therefore, lor a class B multiplier, the input impedance is eqtial to 




Figure 4.8 Low frequency circuit for determmatron af input capacrtance. 
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(4.17) 



An accurate evaluation of the input impedance can be obtained irom 
S"parameters of the device, as described by 



^n'.^-n^^^ (4.18) 



V I ^ -nr ^ = Load reflection coefficient (4.18a) 

— z 

S\i ^ — - Input reflection coefficient when che (4.18b) 
ouqsut is terminated in Fjr. 

Use of (4.18) requires consideration of the signal level employed tituing 
measurements or simularions» due lo its validity on!y under smaQ and mild 
signals. However, fbe reflection coefficient V i and S\\ described by (4.18a) 
and (4,18b) are alw^ays valid and can be employed at large signals. If the drain 
is open-circuited, case of class A or l^s^^ multiplier, dien (4.17) has to be 
modified to (4.19). The problem in this case is that the output conductance 
can differ signifLcandy from the small-signal condition and the equation in 
this case is t\ot of g^encral use. k can however^ be used to qualify^ the dependence 
of the elements on input impedance. The ^average values of the nonlinear 
eiemenrs can only be determined through numerical iterative procedures, where 
an initial value is modified at eajch simulation until an acceptable convergence 
is obtained. 



(4 J 9) 



Observe that the open-circut ted condition shows the possibility of negative 
resistance at low frequencies, due to internal positive feedback in the device. 
Therefore, the drain reactive tmnination must be selected such that the input 
impedance is positive for stable operation. Another importanr high frequency 
effect is the dissjpanon of RF power at the gate, which is no longer negVigible 
and can be estimated by 



(4.20) 
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4,4 Feedback Effects and Stabrlity 

By their ver)^ natuiet microwave transistors are active devices with intiinsic 
feedback^ which may become positive when associated with an external imped- 
ance, gready aflecting the circuit stability and the terminal impedarTCes, TTie 
stabilit}^ theory [2] developed for amplifiers is still appUcable to analyse this 
q/pe of topology if the circuit is aetivej and can be calcidated from S- parameters. 
It is usually divided into two categories: 

Unconditionally stable 

If K> 1 and 5i > 0 and ^2 > 0, the active device is considered 
unconditionally stable for any input and output rerminations. 

CQ}iditio7tMily si able 

\i K < 1, or S] < 0 or ^2 < 0, rhe active device is considered 
conditionally stable. Therefore* stabilitv^ is condirioned to certain 
input and output tcrtuitiations. The more ^^is le^!i than 1 , the more 
unstable the circuit wiU be. 

The above parameters are defined by the following set of equations 

2|6|2.^2] I 

5, = W |5nl"-|A|'-|522p (4-22a) 
B2 = l + 15221- -lAl' -I^nf R22b) 

where, A ^ Si \ Sji " •5^12521* 

Microwave devices are unconditionally stable only within certain fre- 
quency ranges, usually above a certain minimum frequency. However, frequency 
multipliers biased class A or AB may operate a i a rather low inpiu frequency, 
beiow such minimum frequency, so tliat circuit stabilit)' has to be carefully 
examined, The classical topology for active frequency multipliers is to load the 
drain with a reactive rermination and match the gate at the fundamental 
&equenc)^ This circuit cojidltion may induce a negative resiscaoce looking at 
the gate if the device is biased ar a specified bias current. The set of drain 
impedances, expressed by F/ , that will induce negative resistance can be deter- 
mined by making |5n T > 1 in (4.18), and solving for The resulting drain 
impedances are represented by a circle on the Smith chart defined by 



center oPcirde Q - Q"/(l^22l^ - lAp) (4,23) 
Radius of circle = I ^21 5| i ( / 1 ( | P - | A | ') | (4.24) 
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where, Ci " ~ ^^n* and the astemk represents complex conjugate. 

Id order to find out which impedances causes ibe input to present negative 
resistance, one has to tenniiiate the output so diat Fi = 0 and check the input 
reflection coefficient: 

If the input impedance is positive and if the uircle includes the origin, 
then the inside of the circie represents the stable j'egio?i. 
If the input impedance is positii/e and if the circle excludes the origin, 
then the inside af the circle represetits the unstable regio?i. 

If the gate is biased in class B or then the circuit is not active without 
RF drive and the circuit is stable. On the other hand, looking into the drain 
at the lundamental frequency, it is less probable to find a negative resistance 
if the gate is terminated in a low reactance. However, to guarantee the circuit 
stability, both the input and output impedances have to be checked for stability. 
To check the stability on the output plane, it suffices to interchange subscript 
I by 2. in (4,23) and (4.24). 

Therefore, to check the effect of reactive drain termination on the input 
impedance and the circuit stability at the fundamental frequenc)'. the drain 
impedance is made equal to T i = 1 with Q < < Itt.A numerical example 
is useful to clarify these statements; The input impedance in terms of and 
the stabihty circle for the output plane were calculated from the S-paramerers 
generated for the reterence device at 5 GHz biased at a point corresponding 
CO 10% /£)55. 

The resulting stability analysis is depicted in the Smith chart plot of 
Figure 4.9, where circle A, represents ihe stabiiity circle in the output plane 




input impedance circle, B 



Rgiira 4.9 Effect of load on stabilrty and input impedance. 
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crossing regions of negative impedance. The interior of the circie represents 
the drain impedances that will induce negadve resistance at die inpUL In the 
same plot there is another circle, B, representing the input impedance for the 
same range of drain load phase variation. Observe that part of the circle is on 
the negative resistance area» 

Tlierefore, the plot shows which are the reactances that shotdd be avoided 
in order to gtiarantee stabiUty. The represented input impedance still has to 
be corrected for large-signal operation, a procedure that will be discussed in 
the next chapter. The stabilit}^ test has to be repeated over the entire operating 
fi-equenc)' band ot the circuic. 



4-5 Frequenay Doubler Case Study 

It has been demonstrated through linear analysis that the load termination at 
die fundamental frequency has a major effect on circuit stabihty. The same load 
lermination controls the series and parallel resonance of the device parasitics, 
conrroUing the peak of rectified current or the distorted drain voltage. Thus, 
it also has an important effect on large-signal effects sudi as multiplier gain, 
input impedance, and bandwidth. 

An interesting demonstration [3, 41 of this dependence is described in 
the literature for the case of a frequency doubler using a linear model for the 
device* In the circuit ot Figure 4.10, the drain circuit has been split into t%vo* 
one for the fundamental firequency and the other for the second harmonic. 
Thed rain termination at the fundamental fi-equency is a shorted stub with a 
Variable electrical length and at the second harmonic, it is assumed to be 
matched. 



Output 
m^ching 




Figure 110 Simplified frequency doubler circu>t 
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According ro (3. 16), if the device h biased in class B, die second harmonic 
component is giv^n by (2/pe.^)/(37r). and the peak current is given by (4.24), 
Taking this rdatian and the input power defined by relation (4.25) to die 
niidtiplicadon gain equation, defined by (4.26), one obtains: 

/peak = ^Dssi Vi'- Vg^ + ygVVp (4.25) 

Pint/.) = ^in\k\^-—^ t4-26) 

im = /V2(2'''^ harmonic) ^ -^/l^zl^ jj) 
Pin (f^ndatnentaJ frequency) 

^q^MM^ (4.28) 
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This equarion shows that die mtddphcartoo gain can be rougbi}^ deter- 
mined by calculating the equivalent input impedance of the circuit as a fiinction 
of the angle of a short-circuited transmission- line, also denominated short- 
circuited scub. 

There are mainly two parameters of a trans miss ion- Line, namely, its 
characteristic impedance. Zq, and its electrical angle, r^°. Their definition can 
be found in any text book on transmission-Hne theory [5]. 

The characteristic impedai^c^ of a lossless transmission Une is defmed by 
(4^28) and is obtained froin the ratio of the series inductance and parallel 
capacitance per unit length of a transmission-iine srructure. 



Zo = "s/l7c, in unir of ohms {^^^9) 

The electrical angle, defined by (4.29), is a function of the transmission- 
line length, ( , and the frequency of operation, expre,')Sed in terms of wavelength, 
A,. 

0= UttDIA, (4.30) 

Normalizing the gain to the gain given by a shorted-srnb measuring 
4* = 0'^ length, one obtains the multipltcation gain for this type of multiplier. 
The resuks in Figure 4.1! were obtained tor a iVtESFET cell with 
0.5 X 100 fi m gate area, and calculated for diree relevant microwave funda- 
mental frequencies. 
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Electrical angle - ^ Copyright© 19S I IEEE 

Figure 4.11 MulDplication gain as a function of angle and frequency [4]. ICopyright 1981 
by IEEE] 

Observe from this plot that at low frequencies there is a set of angles 
that results in infinite gain, representing a negative resistance effect on input 
impedance. As treqtieticy ii^creases, the range of angles where d\e gain is too 
high jriarrovFs and above a certain frequency, the m id tipli cation gain is defined 
for all angles. A similar result is obtained for the input impedance of a frequency 
dotibler as a funcdon of the phase angle for two frequencies and gate widths 
dimensions, which are shown in Figure 4.12. The higher resistance and lower 
reactance cun^es are for a 100 /im gate-length FET at 1 2.5 GHz and the other 
set is for a 200 ^m gate-length at 6.3 GHz, 

From this plot one can obtain the circuit Q, defined by (430) and plotted 
in Figure 4 J 3- The Q-factor is undefined in the region of negative resistance. 

Q = Im[Zi„]/Re[Zi^] {4.31} 




0 50 IQO 150 



Electrical angle - <fr degrees 

'^gure 4.12 Gate impedance as a function of drain reactance phase 141. {Copyright 198 J 
by IEEE-) 
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Figure 4.13 Quality factor for the input [mpedance of reference device [4J. [Copyrigfit 
mi by IEEE.) 



Obscr\'c that the high frequency device, having a shorter gace width, 
presents a lower Q, enabling large bandwidchs to be obtained. The lower 
frequenq^ presenis a higher Q which is minimum either close ro die drain or 
after inserting a cmain length of line between the device and the short-circuiE 
position. ITierefore, high multiplication gain can be obtained widi a higher 
circuit Q and char implies a narrower band of operation. Note that bandwidth 
will have to be traded for multiplication gain. 

A better insight into the bandwidth as a function of the drain-shorted 
stub was demonstrated [4] for a L-C input matching circuit for the range 
^ = 0 to 50 degrees. The circuit in Figure 4.l4 gives a perfect match at the 
center frequcnc}^ of operation, with L and C given by (4,30) and (4.31), where 
all dements are nornialized ro Zq. 

L = \-Xi„ ^ [R;^\ - R,n)f^}/co (4.32) 
C^iil- R;„)/Rl„f^laj (4.33) 

The '^bajidw^idth'' was considered lo be an input impedance providing 
better tian 10 dB return loss as a function of electrical length. The results at 




Figure 4.14 Matchmg circuit fur the ga^ impedance. 
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12v5 GHz for 100 /zm aud 200 /Am gate-length devices are shown in Figure 
4.15 by the cop curves. The bottom curves are for the same dimensions bui 
calculated at 6.5 GHz. 

The simuladon shows that a good trade-off for gain and bandwidth is a 
very short electrical length. Narrow-gate width gives a better trade-ofF at die 
expense of output power. The introduction of external feedback to enhance 
die muldplier efficiency is an excellent alternative if the device possesses reason- 
able power gain at the feedback frequency. Such a process is adequate if the 
order of malriplication ratio is high, so that it is relatively simple to separate 
the harmonic components. 

An experimental determination [6] of frequency multiplier performance 
as a function of frequency has been investigated wnth a GaAs MESFET by 
Fujitsu {W^^ 600 pxm, L^^ \ jum) using a simple quarter w^avelength open 
stub as a filter and input and output matching circuits. 

The results of Figure 4.16 were obtained for an input power of +4 dBm, 
and adjusting both the timing and bias voltages at each frequency point. One 
can conclude from diis experimental result that as the operating frequency 
incrt^ases, the multiplication gain dccrea^5 aitd fbUows die same trend 




-2C10uTn/6.5 GHz 
-)00um^6.5 GBz 

- JOOum/12.5 QUz 



Electrical angle - ^ degrees 



Figure 4.15 Sandwidth as a function of electrical length [4). {Copyright 1 98t by IEEE.) 
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O^jtput frequency - GHz 
Riiire4.16 Perfarmance of a MESFET frequency doiibler [Bl 
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presenEed by the maximuin ampitfier gain, either the stable gain defined by 
the ratio 1^21 ^^12 1 or the maxim tun available gain defined by 

Therefore, to design a wideband frequency multiplier, the matching circuit 
has to be optimal at the high end of the band, and mismatch the device 
impedance at the low end of che band in order to obtain a constant mukiplica- 
tion gain within the band. This problem is similar to che one found in wideband 
niicrowa%'e amplifier design* A simple expression [7] has been derived to estimate 
what is the amouni: of power that has to be reflected from the matching 
network to obtain that objective, 

\rf =l-Ki(\- ^a}/oJl^f (434) 

wherej 

r = refieccion coefficienc from che matching network 

Ki - 1 for perfect matching at the high end of the band> otherwise 
it is < 1 

Aw = frequency band 

a>f{= high end of che band 

This equation vvas derived based on the natural roll-oH of available gain 
of FETs wiUi increasing frequency, and che mismatch loss definition from a 
reactive network. 

To conclude this chapter, h is interesting to include the experimental 
restdts reported [6] on the investigation of FM noise characteristics of two 
frequency doublers in cascade, showed the predicted effect of mulcipiicaclon 
due to frequency deviacion, expressed by 20log{7V) where - 4, with no 
excess noise degradation from the multiplier. HoAvever, in a similar experiment 
carried out by the author using a single device (measuring 
250 X 0,25 /im") as a frequency quadrupler^ more than 5 dB excess phase 
noise was observed above the A^" law, when che device was driven deep into 
saturation. This is a consequence of nonlinear AM to PM conversion that is 
obserx'ed in the multiplier gain and phase response as a function of drive leveh 
The complete simulation of this effect is depicted in rhe plot of Figure 4,17- 

Notice an increase in phase proportional to che input power until the 
output power starts to samratc. Increasing the power even further, the outpuc 
power remains conistant, but the phase response loses correlarion with the input 
power- Considering this effect is a resutc o{ a large-signal applied to the gate- 
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Rgure4.17 Power and phase versus input power. 



source and gate-drain diodes, with a significative modulation of its capacitance, 
they result into excessive AM ro PM conversion in the multiplier and therefore 
into phase noise degradation. 
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Design Strategies for High Frequency 
Multipliers 

The iniiiai phase in multiplier dejjign is determining the Feasibiiliy of a desired 
performance in terms of muitiplj cation gain and output power. If the desirable 
characteristic^i are achievable, what are the characteristics required from the 
active and passive elements to achieve rhac performance? This objective is a 
function of the device's nonlinear characteristics which Is dependent on fre- 
quenc)^ of operation, level of input drive, bias condirions and terminations at 
the fundamental frequenc\% and che most imporrant harmonics. The perfor- 
maj3ce of a device at the fundamental frequency is the first factor to be rdteo 
into account when choosing the apptopriare device. It can be evaluated from 
the tmnsconductance, g^^^, the transition frequency,// , defined as the frequency 
where the currenr gain is 1, and the maximum frequency of oscilkrion, y^nax- 
The first parameter has a direct impact in the device's power performance and 
multiplication gain, and the last t%vo paiameters, deierrained from (5^V) and 
(5-2), give an insighr into the importance of the parasitic elements associated 
with a given device and of how well it will fit into a given design. 



/r 



Sm 



(5.1) 
(5.2) 



The low-frequency nonlinear analysis developed in Chapter 3 introduced 
the basic nonlinear mechanisntis within a device and how they can be used as 

gs 



96 



Design of FET Frequency Multipliers Si Harmonic Dscrllators 



a power amplifier or as a frequency multiplier. For instance, it was shown that 
from loss^ l/pand BV[}^^ for a particular device, one can esdmaEe what power 
can be ob rained for a given mukiplication order- The same conclusions are 
applied to microwave frequencies, although at these higher frequencies the 
interaction of nordinear elements with the external circuit is substanrially 
different due to parasiticii and feedback effects. Conseqiienilvi the performance 
oi the nonlinear elements and the terminating impedances at the fundamental 
freqaenc)' and harmonica becomes inter-related. This effect precludes the devel- 
opment of an anal)Tic solution to calculate the terminating impedances. There- 
fore, kerarivc solutions have to be used by one of the design procedures that 
is described in this chapter. 

Once the device h selected^ the task is to obtain the passive network that 
interacts with the device to provide the required performance. In this step, 
one has to model input and output impedances for designing die matching 
nerworlts, a procedure similar to what is done in amplifier bilateral design. 
The differences in frequency multipliers are the constraints introduced by die 
load for enhancing harmonics, and the multiple number of frequencies to be 
considered in the design, ihe synthesis of the matching network is carried out 
by standard techniques long applied to amplifier design. 

The objective of dii^ chapter is to present the common strategies followed 
in determining the parameters required for the design of frequency multipliers 
for narrow band, wideband, power output, etc. 

The Linearization Approach 

Linearizadon is obtained by replacing the nonlinear elements of the equivalent 
circuit by fixed elements. Therefore^conventionaJ linear analysis can be applied 
to design the marching networks. The final circuit can then be optimized by 
a full nonlinear analysis. 

Direct Nonlinear Synthesis 

In this method, the ideaJ terminations are applied to a simplified device model 
containing only intrinsic elements. Then, the resulting voltages and currents 
are transferred to the external terminals by adding the device parasitics, thus 
providing the optimum harmonic impedances to be connected to the device. 

Computer Optimization 

A computer optimization approach is introduced, where the harmonic power 
in a MESFH r is described in terms of harmonic voltages and currents. Express- 
ing the objective function in terms of desired output power at the harmonic 
frequency* for a given input at the fiindamental frequency, optimization tech- 
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niques are iised to determioe the set of voltages and currents that meet the 
desired requirements, , 

Harmonic Load PuH , ' 

This approach employs no device model and is essentially an experimental 
process. The device is inserted into a circuit that has the input tuned at the 
fundamental frequency and the output tuned for best performance at th^ 
desired output harmonic. The device is then removed and the networks are 
measured in the network analyzer, resulting in the desited impedances to be 
applied to the device. Then, conventional linear analysis is used to synthesize 
the matching networks. 

Each of these methods should residi in a high performance frequency 
multiplier even if the solution for a given problem provided by each one arc 
not the same, since in nonlinear theorv' diere might be more than one solutiofi 
to a given problem [1]. The first two methods use simplified nonlinear tech^ 
niqnes and do not require sophisticated nonlinear software. The third technique 
is based on full nordinear optimization techniques requiring a dedicated sofi:^ 
ware, and the last method relies on experimental techniques and specialized 
test equipment. ^ 



5.1 Linearization Approaoh 

The linearization approach [2] consists in replacing the nonlinear elements firom 
the equivalent model by fixed equivalent values at each harmonic frequency, 
providing the same harmonic voltages and currents as in the original drciiit. 
Therefore, the multiplier circuit may he split into a fundamental frequenc)^ 
component and an output harmonic circuit, as depicted in Figtite 5.1. This 
process can be applied to all harmonics of interest, btit for the sake of circuit 
simplicity, it is applied here to only two circuits. Part (a) of rhe figure represents 
the flindamemal frequency equivalent circuit, where the nonlinear elements, 
Cf^^and G.v/i were replaced by equivalent values Cq^^^ and G^v/o* ^he generator 
impedance, Z„j, matches the input circuit at the fundamental fi-equency so 
that the gate voltage V^. is maximum. The drain circuit contains the fundamental 
frequency current, and the output reactance is adjusted to meet the optimuirJ 
conditions for multiplication. 

Part (b) of the figure represents the equivalent circuit at the output 
harmonic. The *1ink" between fundamental frequency and output harmonic 
is achieved by the control capacitor, Cg^. The mtiitiplication transconducrance, 
^Mr! = ^/inl^n g*ves the magnimde of output harmonic current which is pro-- 
porrionai to the control voltage V^, The gate circuit is terminated by impedance 



m 



Design of FET Frequency Myltipliers & Harmonic Oscillators 



U 



(a) 



Figure 5.1 Fundamental equivalent circuit (a}; and output harmonic equivalent circuit (b). 



Zjjf used ro march the iLindamcntal frequency irrTpedance. and che drain circuit 
contains rhe load where the output power will be delivered. The main problem 
with this technique is determining equivalent values, since nonlinear elements 
are dependent on their terminal voltages, v^hich in turn are dependent on the 
termination connected to them. In die case o\ a frequcnc)^ multiplier, this 
task is greatly simplified due to restrictions on the drain termination at the 
fiindamenta] frequency. A more appropriate name for this technique would 
be quasi-linearization [\\. since this process is valid only for a specific bias, 
drive level, and particular drain terminations. Modification of any of these 
parameters requires a new analysis. The linearised model provides S-parameters 
that can be used in the design oi matching networks, lo analyze the circuit 
stability and to determine the multiplication power gain. 

The hnearization steps are described in Figure 5.2, The first step in this 
process is the determination oi the Fourier coefficients for the nonlinear ele- 
ments within one cycle of the applied signal. 

The arrangement ot Figure 4.8 is used to determine the equivalent input 
impedance of a MF^FET model, carrying out simulations at low- frequency 
where die parasitics can be neglected and the generator voltage is direcdy 
applied to the control capacitor. This procedure is valid ii caution is taken to 
maintain the low frequency amplitude, V^^ the same as at high frequency. That 
process is also valid in determining the Fourier coefficients ot a nonlinear 
MESFET model for a given signal amplkude. The linearized transconductance 
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A - Determination of Fourier components 

• Analytical estimation 

• Computer simulation 










B - Replace nonlinear elements by fixed equivalents 

• lds(0 — Idl, Id2'" Idn 

• Ccs(t) = CcH) ■ 








C - Linear analysis 

• Model input/output impedances 

• Synthesis of coupling networks 

• Stability analysis 

• Power OQtput/mullipiication gain 




1 







D - Full nonlinear analysis 

• Performance veriilcatton 

• Optimization 



Figure 52 Linearization procedure. 

parameters are determined by simply relaring the drain current compooeats 
to the gate voltage for a shorted circuit drain; 

^MO - 4^1 / = Large-signal transconductance 

Gm\ - ^il^^c - F^rst order multiplication transconductance 

G'mz = ^d^l^L' - Second order multiplication transconductance 

The determination of output conductance is more complex, due to its 
dependenc>^ on output impedance. In the case of a class B multiplier, the low 
drain impedance shunts tl^is element and it can be considered constant at the 
output harmonic. In cla^ A or /£)^'mLLl cipher, ics value has to be determined 
iteratively, searching for its dependency as a function of load. The derails of 
die linearization approach are described in rhe following example. 
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5.2 Linearization Techniques Applied to a Frequency 
Doubler 

The objective is to design a narrow band frequency multiplier to double 5 to 
10 GHz for maximum oucpuc power. Therefore, the gate voltage is expected 
CO sv^ing from pinch-off to zero volts, the peak drain current is equal to 
and the peak drain voltage is equal to ( Vdd — V^^). The multiplier performance 
parameters are the multiplication gain, stability of operation, and input/output 
march. Matching the output at the second harmonic provides additional multi- 
plication gain and power. However, the output match parameter usually is 
not considered a performance parameter in system desigUi since its effect on 
overal] performance is of second order of importance. Besides, its measurement 
requires a complex harmonic load pidl set-up [3h Therefore, only the input 
march will be considered as a multipher performance parametet. 

The design starts with the definition of the operating point. The low 
frequency model su^ests biasing the device in class C with a conduction angle 
of 120 degrees for be^jt efficiency. However, at this bias the FET channel is 
completely pinched- off and the te^ulting input impedance is more difficult to 
match to the genetator at the fundamental frequency of operation. Besides, 
large reverse voltages on the gate may result in avalanche of the drain-gate 
diode. Therefore, let us considet the device biased in class AB, near pinch-off, 
with a low quiescent drain current 0. 1 I[jss) which is a tradeofT condition 
benveen input matching and harmonic generarion* In these conditions, the 
output current is a half- wave sinusoid containing a low number of odd harmon- 
ics, so chat the fxm da mental frequency and second harmonic frequencies are 
die ones considered in the design. In this example, V^d =3.5 Volt, 
Vp = -L5 Volts and loss ^ 6^ m.^. 

The second step is ro determmc the Imeanzation parameters. They t^an 
be esdmated using the dc model of Chapter 3 or they can be simulated at low- 
frequency employing Pspice [31. The results are in Table 5 A. The assumption is 
that only the capacitance and transconductance are the importani nonJineat 
parameters* and the H near izat ion takes place by replacing them by the values 
described in the table. This approximation gives good results* but better accuracy 
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is obtained by iterative procedures, where the initial values are corrected after 
the first iteradon. h is important co monitor the magnitude of the contTol 
voitage all over the procedure, to guarantee the validity of the linearization. 

The third step is the definition of the input and outpur impedances at 
the fundamental frequency and second harmonic, used to design the matching 
networks* It is in this step diat the linearizanon is more useful. The procedure 
Starts with definidon of the output termination then the input impedance 
matching at the fundamental frequency and at the harmonics. 



5.2.1 Fundamental Frequency 

5.2.1.1 Harmonic Load 

The drain termination at the fundamental frequency is most important for 
any type of frequency multiplier, since it controls the output wave shape and 
has a direct impact on several multiplier parameters. From low- frequency 
cotisiderations, a tow impedance is required at the fundamental frequenc}^ and 
third harmonic, and the second is marched to the optimum load. An example 
of such a load built with transmission-line elements is represented in Figure 
5.3- 

The association of open-<ircuit stubs, 90 degrees ar the fundamental 
frequency^ separated by a series of lines of the same length apply a short circuit 
on the main line at the fundamental and third harmonic. If the impedance of 
ail lines are equal ro the reference, 50 ohms, then low losses are introduced 
at the second harmonic. The purpose of the series hne of electrical angle, 
mserted between the drain and the harmonic load is to series resonate the 
device output reactance at the fundamental frequenc)', therefore applying a 
low impedance at the internal drain terminal. To verify the effect of load 
reactance at the nonlinear current source terminals, the internal voltage 
i^di ~ ^/) was calculated using a linear sofiw^are package, Touchstone^ [4], 



Device model 



V, 



-„.,..Y.^f^ 

-n — — 



Harmonic load 
i?^#^il|9ff 




50 n 



Figure 5 J Harmonic load for a frequency doubler. 
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05 a function of the series line phase. The tiansconductanee was linearized 
employing the dc value described in Table 5.1 and che result is plotted in 
Figure 5.4, 

Minimum voltage is obtained ar - 162 degrees corresponding to 
reACtance equal to = jZotan(162^) = — )\6.2 fiat the fundamental frequency 
of 5 Gfiz. The minimum internal voltage is also obtained with a series capacitor 
in place of die series line. A capacitance of 1 .96 pf* would have die same effect. 
The parallel resonance with and C^j is obtained at <^ = 72°^ or 
Xi - 153.8 il, when maximum voltage is observed. The optimum drain termi- 
nation at the fundamental frequency is given by: 

ZiW) = Q + ]Xi (33a) 

Zo(io} = Ros + jAb (5.3b) 

Xi = -Xz) (53c) 

5.2.1.2 Input Impedance 

An approximate expression for the input impedance when the drain is shorred 
to the groLtnd is given by (4.18). providing a good initial point for impedance 
calculations, and is reproduced below, 

An =^ ^ GMti^iCasd + 1/OCgso) (^-^^ 

Applying the numeric values of Table 2,2 to obtain the input impedance 
at the fimdamentaj frequency using the values of Table 5*1 results in 

Ziai^) = 15^0 — j 106.0 ohms^ using dc values 
Zini^) = 16.4 ~ jSO.O ohmsp using 100 MHz values, 

i5 5-, 




0 30 60 90 120 150 ISO 

Elecmcal angle - <|> degrees 



Figure 5.4 internal drain: source voltage ma§nvu«ie versus \\m mgle. 
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The drain load impedance has a limited bandwidth due to the open- 
circuited stub tuned characteristic, so that the input impedance wiU deviate 
from these values as a function of frequency. The efFecr of harmonic load on 
input impedance has already been qualitatively determined in the previous 
chapter. But in order to quantify this effect for this example, the input imped- 
ance was simulated as a function of phase of the short-circuit connected to 
die drain of a linearized MESPET. The results are shown in Figure 5.5. 

Observe that the reactance is always capacitive changing from 100 to 
200 ohms when the short-circuit phase changes from 0 to 180 degrees. The 
resisuve pai't presents a more drastic change, starting with a positive value 
when the short-circuit is close to the drain terminal, ^ - (f~, changing to a 
negative v^tlue when 18°, and turning back to positive when ^= 11^. 
Maximum negative value peaks at <^ = 54°. The negarive resistance at certain 
frequencies is created by the feedback introduced by the capacitive divider C^^/, 
Cpy which is in parallel with ;m [nductive load, 

A lowpass matching network indicated in Pigure 5.6 was employed to 
adapt the input impedance at the fundamental frequency to the generaror 
impedance. These values were decetmined by the equations described in Appen- 
dix where otLier nerwotk options are described for matching complex imped- 
ances. The advantage in using a lowpass network is the high rejection of 
harmonics ac the generator port. The input power can be estimated assuming 
the total power is absorbed by the effective input resistance. In the particular 
ease of maximum peak gate voltage, (j,e., 1^ ^ V/?), the input power is approxi- 
mated by 
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Rgaie 5.5 SimuiatEtJ 'mput impedarkC© a fun^ition of short titcult phase. 
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Figure 5.6 Equivalent circuit at the fundamental frequency. 

5.2.2 Second Harmonic 

The circuit represented in Figure 5.7 depicts the FET linearized for second 
harmonic frequency, where the magnitude of generator V^ h determined from 
fundamenta] frequency analysis and Gj^i is determined from the ratio of second 
harmonic drain current to fundamental frequenc}' gate voltage. 

The fundamental frequency vokage generator represented in Figure 5.7. 
I/;., should be made as high as possible for best efRciency. Therefore, die gSite 
impedance should ideally be a parallel tesonator at the second harmonic- In 
this case, the low pass L matching netv^r^ork designed for the fundamental 
frequency, presents a high impedance at the second harmonic, meeting the 
desired second harmonic termination at the gate* 

The otuput impedance at the second harmonic for a short-circuited gate 
is obtained by simplifv-ing the circuit of Figure 5.7 to the one represented tn 
Figure 4.3, restilting in 

Zont^{2a}) = R, + -^jML, + + Rosl[l + l^^Dsi^GS Cos)] 



(5.6) 
!Zo(2G))-RD+iXn 




Figut^ 5J Equivalent circuit atttie second harmonic. 
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In the case of an open-circuit connected to the gate, the capacitances 
Cgs ^GD became in series and the feedback effects have to be accounted 
for. Thus, the output impedance becomes, 

ZoyxmcUio) = R, + R^ +JM^ + + 1/[Gd5 + Gm^DgICcs ^ j^^Ds)] 

(57) 

The matching networks are selected to series resonate the device output 
reactance and to provide a real part that gives the maximum output power. 
The matching condidons are obtained by making Zi{2w) = Z£)C2aj).* 

5.2.3 Simulation Results 

The circuit stability w^s carried out looking ai the small-signal input impedance 
of the muldplier circuit wirh a shorted drain, and checked for a neg-ative 
resistance. The results are m Figure 5.8 which shows that the real part is 
positive within the band. 

The input impedance obtained from Pspice using a fiiEl nonlinear model 
is also shown where it is observed they follow each other over the band. One 
also has to investigate the drain impedance with the gate terminated with the 
input matching network. That impedance is in the same plot and is positive 
within the bandwidth but shows a tendency to become negative at lower 
frequencies. Ac lower frequencies, resistive terminadons can be added to the 
drain and gate bias, absorbing negative resistances and stabihzing the circuit. 

The simulation of output impedance using the linearized model and the 
parameters from the reference device, provided, Zi^{2oj) = 63 - j 60 ohms. 
Therefore, a 63 ohms resistor in senes with a small inductance 
{L^ 0:9 nH) provides an optimum load for this circuit. The design challenge 
is to int^ace a transformer from 50 ohms to within the harmonic load 




Frequency - GHz 
Figure 5.8 Real part of input and output impedanGe at S GHz, 
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drcuiny. Even tiiough it is possible ro associate Wo ciroiits in cascade for chat 
purpose, losses are increased, the circuit presents a more toned characteristic, 
and the advantage of opcimnm load is lost. Thus, in chls exajnple.a 50-ohms 
terniirLation with a small series inductance is used as the optinuim load. The 
series transmission-line Tts is used to adjust the phase of the second harmonic 
circuit so that there is a integer multiple of 180 degrees between the load and 
the drain, k is possible to estimate the maximum power on the load driven 
by the second harmonic current source I^i^ employing {3.35) and assuming a 
lossless matching circuit. Using the values for the reference device, one obtains. 



out 



2 



Urns 

377- 



4.05 mW (6T dBm) (5.8) 



The simulation of mtilriplication gain performance was done in xwo steps 
using a linear simtdator. In the first step, the fundamental circuit is simuJared 
to obtain [he magnitude of the control voltage, | |, over frequency as a 
function of applied power. In the second seep, tiie second harmonic circuit is 
simulated using the value of control voltage determined in the first step to 
calculate the power at the load. The results are in Figure 5.9> which compares 
the multiplication gain to the fall nonlinear model usiag Pspice. 

Again, a reasonable agreement is observed berween the lineariied simuJa- 
tion compared to die full nonlinear simulation emploving Pspice* The simula- 
tion of inpur and ourpui return Ios5 were applied ro the linearized model. The 
results of Figure 3.10 show that the output circuit resembles that of a tuned 
circuir, due to long transmission-line benveen the matching and the output 
circuit. Note that output return loss is at the second harmonic, so that the 
horizontal scale has to be doubled to obtain the correct frequency. 
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Figure S.9 Multiplication gain for Im&artzed and full nonlmear rnodeL 
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Rgure 5.10 Input and output VSWR for Iineanzed model 



The complete circuit is shown in Figure 5.1 L including biasing circuits. 
The inpuf circuit contains a capacitor, Q^'i, to block the dc current, the 
matching elements, i^^j Q^, and the bias network. The isolation between the 
bias and the inband signals is provided by the transmission line 
Ti J (Zq ^ 70 iV(b - 90^) which is a quarrer-wavelengrh long at the fundamen- 
tal frequency. The bypass capacitor Q^i applies a low impedance to Tn at 
the fiindamental frequency, and due to the transformer aaion, it is an open 
circuit at the gate, A capacitor in the ordec of 20 pf is a reasonable ckoice. 
The bias is completed by a 50-ohms resistor and another high value capacitor, 
Q^i. The objecrive is to create a very low pass frequenc>^ response with a lossy 
circuit that can absorb eventua] negative resistance generated by the device. 

The output circuit contains a fransmission-line phase shifter, a bandstop 
filter similar to the one empkiyed in Figure 33, a dc blocking capacitor, Q/i, 
presenting a low impedance at the second harmonic and the bias circuitry. 




Figure 5.11 Schematic of complete frequency doubter. 
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Tlie bhs line, T^, is of the same impedance as line T^] but ic is half its 
Ifngth. Observe cbc position where che bias is applied, afcer the band reject 
Hltcr» in order to avoid connecting the bias close to the drain and create an 
interference widi the generated harmonics. In tJiis case, it is importani: to avoid 
dc current from flowing through che 50 ohms resistor to avoid unnecessary^ 
dc power dissipation. ThQS> a bias inductance, iy,, is employed to provide 
additionaJ isolation from die RF circuit to die cxcernal power supply. A final 
note in dits topology is on the bandstop filter connected to the drain w^hich 
has uo means to prevent low frequencies from being amplified by die device. 
Therefore, it is recommended to add a bandpass filter widi a rninimurn number 
of resonators in cascade with die bandstop filter for this purpose. 

This exercise demonstrates the iisefulness of the low frequency analysis 
developed in Chapter 3, and the simpticin^ of Hnearizarion techniques applied 
to a frequenc)^ doubler design. The efficac)* of such an approach has been 
demonstrated by the good agreement obtained between this approach atid the 
one obtained by a sophisticated cool such as Pspice. 

5J Direct Nonlinear Synthesis 

This method k based in a previous work [5] developed for oscillator design, 
and can be extended lo other nonlinear circuits such as power amplifiers, 
Irequencv^ multipliers^ harmonic oscillators, etc. The direct synthesis technique 
relies on the determination of optimum %^olrage and current conditions, close 
to the device nonlineat elements, that will enable the desired performance. 
Therefore the simplest FET modd, representing the device embedded into the 
GaAs, has to be considered. Once those conditions are defined, they are 
transferred to die external terminals taking into account the parasttics. The 
four steps involved tti this process attc described in Figure 5.12. 

The simplest FET for multiplier design is represented in Figure 5T3. k 
incltides the nonlinear current source, the gate~to-soin:cc i?/- C^^ circuit and 
the series pvirasitk F^:sistances, and R^. 

A simpler model where and are suppressed can be used in the 
design of power amplifier and oscillators. In the case of frequency multipliers, 
the)' are required to avoid soimion with negative resistance when applying a 
short circuit at che drain. The solution to which set of voltages and currents 
provides the required performance can be found by computer optimization, 
which runs efFicienrly due ro the simplidt)^ of che circuit. An alternative 
simplified process ming the conclusions of Chapter 3, is introduced next. 

The optimum drain harmonic load for a ff-equenc}^ multiplier is provided 
by a load that presents the following impedances: 
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1 - Basic Nonlinear Model 

• Drain and gate terminations 

• Simplified model 

• Optimum circuit conditions 



2 - Nonlinear Simulation 

• Pout - Pin 

• Voltages and currents at the 

optimum operating conditions 



3 - Linear Analysis 

• Transfer of voltages and currents 

to the external terminal 

• Device/haimonic impedances 

• Synthesis of coupling networks 

• Stability analysis 



4 - Full Nonlinear Analysis 

• Performance verification 

• Optimization 



Figure 5.12 Design steps for direct synthesis. 




Figure 5,13 Simplified FET modef. 
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^i.('^o) ^ ^ort circuic for distoned drain current 
open circuit for cLtstorted drain vol rage 

Ziina)Q) = (Vq/}— Vk)lidn^ distorted drain current 
= 2 Vjjjiify distoned drain voleage 

Ziimo^Q) = all other harmonics are reaccively termiBated widi a proper 
phase for best peiformance, m ^ 



The input impedance is matched to the generator impedance at the 
fundameticai frequency by a simple R-L network and the generator voltage is 
such that = Vp. A nonlinear simulation Is carried out Aviih a few iterations 
CO correcc die initiai value for the load impedance and to obtain a good input 
match over the band. When the multiplier performance, in terms of output 
power, muhiplicacion gain, and impedance match is satisfactor)^ at a given 
iteration, one has determined the optimum set of voltages and currents in the 
simplified circuit at the fundamental frequenc}^ and harmonic frequencies. 

The set of voltages and currents (luViJj.Vi) are then transferred to the 
external terminals, by adding the parasitic elements, as shown in Figure 5.14. 
A simple linear software program can perform thi^ task, k is also used to 
derermine the relations between voltages and currents, (therefore impedances) 
at the output terminals at the fundamental frequenc)^ and harmonic frequencies. 
The effect of feedback elements are LnrrinsicaJly accounted for in this process. 

The input and output power are obtained by applying (333), also provid- 
ing the multiplication gain. This design procedure is the most efficient compared 
to the other approaches, since the nonUnear simulation is carried out for a 
simple circuit with a ver)' fast convergence. All remaining calculations are 
carried out widi linear simulators. 
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F'iguie5.14 Transference of inter nal to external variables. 
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5.4 Direct Synthesis Applied to a Frequency Tripler 

The objective is to design a narrow band frequency tripler from 
5 ± .1 GHz to 15 ± 3 GHz for maximmn gain and output power, correspond- 
ing to the condition of maximum efficiency. 

There are rwo ways of generating a current waveform rich in third 
harmonia by biasing the device in class C widi a conduction angle of 80 
degrees and by biasing the device at class A and overdriving the device until 
there is clipping due to pinch-ofF on the negative swing and due to gate 
conduction on the positive swing- The class C approach presents the same 
restricnons considered in the previous example and is not the adequate bias 
choice. The second option is to use class A bias with a high gate resistor to 
hmit rhe gate dc conduction and assure reliable operation. A third option 
consisis of generatifig a voltage waveform rich in odd harmonics. This option 
is obtained by biasing the device in class A and connecting a high impedance 
to the drain at the fundamental frequency to generate a distorted voltage 
waveform, l^herefore, the drain waveform is compressed at low-drain voltage 
by the device resistive region while at high voltages it is compressed by the 
nonlinear output conductance. Tn order to compare the efficiency of each one 
of these approaches, a low-frequency nonlinear simulation was carried out to 
investigate the genetadon of third harmonic current. The obtained results are 
in Table 

Obvbusly, the voltage distortion approach provides higher odd harmonic 
current and was selected for thiis exercise. The device is biased at 

^ -I'O V, Vqj) = 3.5 V, The dynamic gate voltage is equal to K5 V in 
any condition, enough for sweeping the gate from pinch-off' up to +0,5 V, 

5.4.1 Harmonic Load 

The distorted voltage waveform has to be as symmetrical as possible, so that 
even harmonics are minimized. Ideally, the harmonic load has lo present a 



Table 5J 

Third Harmonic Correm Generation 



jJVIoite of Operation 


/rf3 - niA 


Current class C 




Current class A saturated 


4.6 


1 Voltage, class A 


12 
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short*drciilt for die even harmonics and an open-eircuk at the odd harmonics^ 
except the ourpLit harmonic, which is terminated with a load for maximum 
output power. A bandpass filcer in series with a phase-shifter can approximately 
present such terminations. The phase-shifter adjusts the flker impedance to a 
high value at the fundamental frequency and is transparent to the third har- 
monic. The resulting impedance at die s<:cond harmonic will be dependent 
on the filter impedance. In this example the transmission-line pliase-shifter is 
adjusted to present a high impedance to die drain at the fundamental frequency. 



BA2 Input Impedance 

rhe arrangement for measuring the Input impedance is displayed in Figure 
5J5 where the simplified mode! of Figiirc 5. 13 is used for the device, and the 
harmonic load ts connected to the drain. The impedance is determined by 
applying a voltage equal to 1.5 V at rhe control capacitor terminals and reading 
the residting gate current. That step was carried out by nonlinear analysis with 
Pspice, and the following impedance was obtained at the fundamental frequency 
of 5 GHz, 

ZU^) - " ohms 

The next step is to transform the circuit of Figure 5-15 to the circuit of 
Figure 5T6, whose generator internal impedance is Zj = Z[/^^ and its amplitude; 




50 n 



Figure 5.15 Determination of frequency tripler input impedance. 
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Figure 5.16 SimplifTed frequency tripler circuit. 
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is V^. The magnirude of the voltage generator is equal to the voltage drop on 
the 7.6 ohms resistors, created by the gate current (/^ = L2 + j 13,9 mA). Thus, 

I K( = lR\n 1 - 2(7.6) I L2 4 j 13-9 1 = 0.22 V (5.9) 

Assuming this is the optimum termination for the simplified model, a 
simulation was carried out to fmd out which are the voltages and currents 
phasors at the gate and drain of the device- The components are related on 
Table 5*2, where the firsi niunber is the phasor magnitude and die second is 
its phase. 

The output power at the third harmonic and the power at the fundamental 
frequency can be obtained from this table by applying (333) 

^ R^Udl Vdf) j?4(13/-lQ4.5)(0Xi4/75-5)1 

^ Qiir - 2 ~ 2 (^^10) 

P^^, -4.16 mW {6.2 dBm) 

The gate power is equal to +0.2 dBm, so that a multiplication gain of 
6.0 dB is predicted by this method. The described procedure can be repeated 
for several gate peak voltageSt so chat multiplication gain cun^es as a hincTion 
of input power at the ftindamenral frequency are obtained. It can also be 
repeated for several ftmdamental frequencies to obtain the multiplier's frequency 
response. 

The prt>cedurc continues by transferring this set of voltages and currents 
CO the extetnaJ terminals, by applying the linear transformation 16] described 
in Appendix C. The transformation consists of adding the parasitic parallel 
elements as a "Pf network and scries element as a '*TEE" network. The former 
consist of adding the drain-to-gate (0.04 pF) and drain -ro-source capacitance 
(OT pF), and the latter on adding series bonding inductances 
{L^ ^ L^^ 0.2 nH; Lj ^ 0.15 nH), and gate resistance {R^ = 4.0 ohms). This 
is a very convenient process, easily able to account for any parasitics in the 



Table 5.2 

Voltages and Currents at the Device Terminals 



Frsq (GHz) 


fg (niA) 


Vg (Volte) 


/rf tmA) 


IV {Volts) 




imhlT 


1.57M7T" 






10.0 


2.38/90.2^ 




15.0/-15.8^^ 


a03/-105.3^ 




015/-179-^ 


0.037/88.6° 


13.0/^104.5° 


0.64/75.5^ 


20.0 


0.035/-34^ 


0.011/-12B^ 


2J/-150.3- 


0.06/-B0.3^ 
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chip assembling and also any package parasitics. In this example a chjp device 
is under consideration so diar uhe external voltages and currents at fundamental 
frequency and harmoaics are related in Table 5-3. 

The eqnivalenc input and ootpuc impedances at each harmonic frequency 
are provided in Table 5.4. 

The impedances shovim are the ones required to obtain die desired internal 
voltages and currents. They are complex impedances at all frequencies. To 
create a network capable of presenting those impedances ar each frequency is 
not practical, so that die ncnvork has to be designed in hierarchical steps. 

L Fundummml frequency: Terminate the drain with reacrance that max- 
imizes the voltage at the output conductance. A trade-off with circuit 
stability is tequircd to avoid oscillations. Match the input impedance 
for maxim litn voltage at the control capacitor. 

2. Third hanmnk: Match the drain impedance for maximum output 
powet. 

3* Secomi hamianic: Use the bias network and the properties of transmis- 
sion lines. For instance, a quarter-wavelength transmission line sepa- 
rates fundamental frequency and odd harmonics from c^^en harmonics 
in a biasing circuit. Therefore, second harmonic at the drain can 



Tabic 5.3 

Voltages and Currents at the External Terminal 





is (mA) 


(Volts) 




ir^ (Volts) 


!5.0 


Z6.4/-2.S6° 


1,3^-^5.0° 


1B.3/-5.r 


3.54/84.0^ 


10.0 


3.35/90 J° 


0.36/19.r 


15.8/161.6° 


0.29/74.6^ 


?5,0 


2.1/- 


18.0° 


ais/-i8.o^ 


15.0/42.9^ 


0.58/28.2^ 


,20.0 


0.27/--133.r 


0.05/"69.r- 


1.6/28.0^ 


0J4/-60.e^ 
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Harmonic InpWOutptJt Impedances 








(GHz) 


Ziniat] ohms 
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5,B-j51.0 


3.1 + il94,D 








TO.0 


33.4 - \m 


1.8 - j19.0 








15.0 


83.2 - j"24.0 


36.7 j9.5 








20.0 


76.1 + j156.0 


2.1 - [82.3 
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be adjtisted independently of the fundamental frequency and third 
harmonic. 

4. Other harmonm: The termination of other harmonics at the drain 
and gate are last in this list of priorities. 

In this example only the principal impedances are matched, which modifys 
the initial assumptions for the internal voltages. The drain resistances at the 
harmonics related in Table 5.4, are small and can represent actual circuit losses. 
The gate impedances. on the other hand. are quite high and difficult to match 
simultaneously with a simple circuit. 

The input network at the fundamental frequency is matched with a 
simple lowpass L-shaped netN^^ork, applyltig the equations of Appendix B. The 
initial step is to transform the input impedance to 50 ohms by employing a 
series inductance L,^^ = L62 nH, and a parallel capadtance Q - 1.75 pF.This 
network presents a high impedance ar the second harmonic, so diat it can be 
paralleled with another low impedance network to accomphsh the second- 
harmonic matching. 

The output network contains a series line which acts as the phase-shifter 
and an edge-coupied bandpass filter. Tlie phase-shifter has to resonate the 
equivalent FET output capacitance at the liindamental freque^q^ and its phase 
is calculated bv usins the reactance information from Table 5,4, (i.e., 
{fi = tan" (194/50) - 75.5). Additional harmonic impedance matching stiU has 
to be done after the filter, which suggests building a filter for 37 ohms impedance 
instead of 50 ohms. Therefore, in this example, Ri = 37 ohms. 

The gate bias filter contaitis a ttansmission-Une filtetj T^i (700/90^) 
and Ti2 (3011/90''), that will block the ftindamental frequenc>' and is transpar- 
ent at the second harmonic. Note that the quattet-wavelengrh bias filter becomes 
half-wave at the second harmonic, so thai its terminating impedance is trans- 
ferred to the g^re terminal. The terminating impedance is composed of a 
lowpass circu it (Lil=1.64 nH, L^,2 = 0,24 iiH ^ ^-72 pF) which trans- 
forms 10 ohms to the second harmonic impedance - 33,4 — jl03 ohms. 

The drain bias filter, in this case, consists of lines Ti^ (7011/30'') and 
Ti^ (700/30"^) that block the third harmonic. An additional line, 
Ti^ {700/13"'), is introduced to block the fundamental frequenq-. The electri- 
cal angles are still referenced to the fundamental frequency. Such a circuit is 
represented in the final topology depicted in Figiue 5.17. 

The transfer process can be applied one step further, to incorporate the 
input and output matching circuits, obtaining voltages and currents at the 
generator and load. "The resulting input impedance is equal to 
Zj^ = 46,7 - jO.6 ohms and the generator voltage is equal to 0.435 V. That 
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Figure 5.17 Schemau'c of compiete frequency tripler. 



correspofids to an input power of +3.0 dBm, The oiiiput power st the 
37 ohms load is equaJ to -1-6.62 dBni, Comparing these values to the ones 
generated by the simplified circuit, we observed a reduction of 0.5 dB in the 
output power and an increase of 3 dBm m the fundamental Erequency drive. 
This degradation is the result of feedback introduced by the parasitica. 

A complete simuJation of this circuit on Pspice is shown in Figures 5-18 
and 5T9, The former shows the input impedance and provides insight into 
the siabihty oi dus circuit. It is observed that the circuit is matched around 
5,0 GHz and the real part of impedance tends to negative values outside the 
operating bandwidth. 

The mukiplication gain is shown in the next plot, where a maximum 
multiplication gain of 7.0 dB at the center frequenc)^ can be obsen^ed. The 
harmonic drain resistances from Table 5.4 were suppressed from the matching 
circuit to obtain this result. The resulting operating bandwidth for a minimum 
input return loss of 10 dB is from 4.95 ro 5.15 GHz. The ouipui return loss 




Figure 5.18 fnput impedance b function of frequency. 
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Figure 5.19 My Itipj] cation gain and retyrn loss versus frequency. 

is in the same figure and was obtained by noulineat simulation of Figure 5T6 
a few frequencies within the band, and by transferring the voltages and 
currents ro the external terminals. The filter response was assumed to be ideal 
in this simulation. 



5 J Computer Optimization 

The modern nonlinear simulators are capable of anai}^ing nonlinear networks 
e.g., Pspicc and others such as LIBRA^ [7]v and MDS " [8] are also capable of 
opdmizing them, employing methods similar to the ones esLablished for opti- 
mizing hnear networks. This process, however, is usually time consuming, may 
not lead to an optimum network, and may not converge if the circuit presents 
stability ptoblems. 

One option in the case of convergence problems is to introduce stabilizing 
resbiors in strategic locations in order to make the circuit stable. Those points 
^n be found by linear analysis. A nonlinear optimization is then applied to 
obtain the desired objectives. That approach will result in low multiplication 
efRciency due to the srabilizing resistors and a tradeoff will have to be made 
between stability and performance with resistor values as a parameter. 

A more efficient computer optimization wa,** recently introduced in the 
literature l9h vvhere a more elegant optimization approach was appUed. It is 
ivd] known that the dependcnr variables I^{t) and l^{t) in a MESFET are 
nonlinear functions of V^{t) and V^{t)^ which can be represented by 



I^{t) = FNL[V^{t\ V^m (5.11) 
/^{t) = FNLlVg,U), (5.12) 
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Let us consider ttie device driven by a signal at a frequency o}. The device 
nonlinearity generates barmonic frequencies which can be expressed in terms 
of Fourier series as 

N 

Vpit) = V^o + Z V^^cos(na}t + 0,,) (5 J 3) 

N 

Vd^it) = Vm + X ^dm^si^^i^ + ¥n) (5.14) 

where, 9^^, (p„ are generic phases of the gate and drain waveforms. 

Inscrdng (5.13) and (5.14) into (5.1 1) and (5.1 2), the resulring harmonics 
volcagcs and current coefficients at the external terminals are expressed by Ii,^, 
hn Vi„, Vin respectively. The key to the oprimization procedure is the 
definition of the objective function in teems of those vector&. For instance, for 
a power amplifier, a desired feature is the maximum added power at the 
output for a minimum inpui power with a low second harmonic content. The 
optimization funaion is then described by 

P^uiiVg^ Vd,) = ^mxhf) - \HV\\h\*) - \B^iVnhi*) (5.15) 
where, 

^ad- represents the added power of the amplifier 

V^} ^ Tepfesents RiTidamemal frequency vokage ai output terminal 

/][ = represents fundamenrai frequency current at inpur terminal 

The fir.si term in the equation represents [he fundamental frequency 
power generated at the output; the second term, the applied power at the 
input; and the third,the generated second harmonic power at the drain. During 
the optimization processtthe variables are submitted to the following constraints: 

• They must obey the nonlinear conditions (5T1) and (5.12); 

• Their variations are limited by conditions allowing their physical reaJiz- 
ability. During [he opcimiy^tion process, the variables from (5.15) are 
constrained to the physical realization of the networks. In other words, 
their variatjons are limited by passivit)^ and activity of die coupling 
networks. For instaucei the transistor must present a passive impedance 
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to the generator at the fundamental frequency, as expressed by (5-16) 
and operate as a generator at frequencies nai, expressed by (5.17). 

Re\y\n-hn^ ^ M^ln^hrtl < 0 fbr « = %% ...N (5.17) 

Once optimizadon is achieved, the terminal voltages and currents are 
known, and from them the input and output impedances given by 

Z^(^) = iVnlkiT = V^^lh^ (5^8) 

Z^Uo) = {Vi.lhxY Z/2a;) = ¥^11^ (5T9) 

In the case of a fircquenq^ multipher, the desired feature is a maximum 
power added at a frequency n^, for a minimum input power at a frequenq^ 
The objective function can be described by 

Pjy^.Vd.) = \R^^nh^ - - (5.20) 

The first term represents the average power at the drain at the output 
harmonic, and the second, the power generated by the harmonics at the input. 
The inpur power at the fundamental frequency is represented by the third 
term in the equation. 

It is important to emphasize that the optimization is carried out without 
a predetermined coupling network using terminal voltages and currents as 
variables. Similar to the amplifier case, the harmonic impedances are determined 
from the resulting voltages and currents ^tfter the compkrion of the optimization 
process. The ratio between them will determine the device large-signal imped- 
ances that will be employed in the design of an optimum matching network, 

5,6 Harmonic Load Pull Approach 

5.6.1 Fundamental Frequency Load Pull 

The first systematic application of load puU techniques was devoted to power 
amplifier design and has become a standard procedure [10] for other types of 
circuits. The experimtrntal design steps are described in Figure 5.20 and the 
measurement set-up is shown in Figure 5.22, 

The method is based on the assumption that, at the measured perfor- 
mance, which was manually adjusted^ the timer impedance Zi{m) is equal to 
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A - Tunc Device for Desired Performance 

• Outpul power, power gain 

• Curreni, temperatutie 

• Stability check 



B * Experimental Determination 
• Input/output tuner impedances 



impedance mid 
frequency loop 



C - Linear Analysis 

• Synthesis of matching networks 

• Loci of constant power output, efficiency 
or ifitgrmodiiJatron on Smith Chart 



D - Build Prototype 

• Performance verification 



Figure 5.20 Load pulf method. 

Zoi^^r^ initially the device k tuned in a tesr fijcmre to specific operating 
conditiom such as maximimi output power, Vht input power, current, and 
temperature information are collected at a given frequency. Any tuner can be 
used, eidier coaxial slug tuners, wavegnide screw tuners, or equivalent microstrip 
components, hi die second step, the device is removed, the tuner impedance 
IS measured on a network analyzer, and the resulting impedance is transferred 
CO the device terminals, taking into account ftxrure and transmission-line losses 
and transition eHeets. The process continues by choosing a new impedance 
for a different power and die results are plotted on aSniidi chart. Successively 
repeating this process, it is possible to determine loci of constant power output 
contours, constant efficiency, constant gain, inter modulation, or anv other 
parameter of interest as a function of frequency^ 

The "modeled impedance" approach is found by the set of impedances 
For a desired output performance; for instance, the set corresponding to output 
power and the set corresponding to efficiency A network is dien synthesized 
fo transform die 50 olmis load to die eKperimentaUy determmed impedance. 
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In spite of the time involved in building up a reasonable amount of data 
ro be useful for a wideband design, this merhod has been widely employed in 
the design oF microwave circuits. The reason for its acceptance is the simple 
direct determination of potential devices under the conditions at which it is 
supposed to operate in rhe final circuit. Therefore, it provides information on 
power output, large-signal power gain, and large-signal input/output imped- 
ances. Typical power contours on a Smith chart are shown in Figure 5.21. 
The center of the ellipse shaped contour is the point corresponding to the 
maxirnum output power, and its impedance Z/^v/can be read directly on the 
Smidi chart. The smaller ellipse corresponds ro the family of load impedances 
providing an output power 1 dB below the maximum. The greater ellipse 
corresponds to a power output 2 dB below the maximum. A similar contour 
can be obtained lor a different test Frequenq' and can be overlaid on top oF 
the previous contour in the chart. That aUows modehng the load impedance 
as a function of Frequency. 

In general, the measurement set-up requires the use of a sweeper generator, 
power meters, couplers, and other hardware. The spectrum analy/er is included 
in the measurement to detect any circuit instability during the tuning process. 
It can also be used to optimize rhe circuit tor best intermodulation performance 
in the case of amplifiers. The device under test (DUT) is connected betw^een 
the input and output tuners which will adjust the impedance to the required 
performance. 

The accurac)^ oF the load- pull method is limited bv the accuracy with 
which the terminatiotLS and power levels can be determined. To minimize the 
errors the ditectionaJ coupler, isolators, adapters, and test fixture used in the 




figure 5J1 Loci of constant power as b function of impedance at frequency - f^^ 
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Figure 5.22 Basic amplifEer load pull system. 
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rest set'iip musn present low losses and a low VSWR. The tuners deserve special 
attencion, since they musi be capable of presenting a bw VSWR in the untuned 
mode iind also the high VSWR required for matching the aevice. 

In power amplifiers, it may happen that a load required for high power 
operation is equal to 1 ohms, md that level of mipedance can onlj be pre.^ented 
by the tuaer if they have very low losses. The losses are ako very imponant 
m the estimation of mismatch losses introduced in die measuremenr. For 
instance, the diagram of Figure 5.23 shows the ideal and real mismatch losses 
of ;i tuner. 

The insertion loss, IL, of the ideal tuner is described by f5.21), a lossy 
(real) tuner by (5.22), and the relation between reHection coefficients and 
insertion loss by (5.23). L represents the tuner losses in dB. 



mm - loiogci -itjI^) 

ii(dB) = 10logCl-|r,|' lO^^^j 
Z./10v 



(5,21) 
(5.22) 
(5.23) 



FtgyreS^ Mtsmatch losses (a J ideal tuner; (b) real tuner. 
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According to these equations, the 1 ohms impedance generated by the 
tunen corresponding to r2 - 0.96 will be modified at the device terminal due 
Eo the 1 dB losses to r2 = 0.96(10"^^^^) = 0.77, and that corresponds to an 
impedance of 6:56 ohmsS. 



5.6.2 Automatic Load Pull 

Recently^ automatic load pull systems [12] have appeared in the market where 
nerwork analyzers are inserted between the device and the tuner to measure 
che rario of incident and reflected power levels. A typical diagram from the 
RF part of such a s}'stem is depicted in Figure 5,24, The control unit, usually 
controlled by a PC computer is nor shov^^. Therefore, impedance levels can 
be derermined without the need to disassemble the test fixtures after each 
measurement, resulting in a much reduced time and higher accurac}^ compared 
to the manual method. The system is calibrated using a scries of conventional 
small signal nem^ork analyzer calibration measmemenrs. 

Going one step fur c her, such systems are equipped with software tools 
and computer-controlled, precision sen-omechanism systems aipable of search- 
trig for the desired impedances. For instance* it can seaxch for the reflection 
coeflicients that will provide an approximately constant output powder and will 
plot the results directly on the Smith chart. Obviously, other parameters can 
simulraneously be derermined from such methodology. 



5.6.3 Harmonic Load Pull 

A harmonic load pull [12] system was introduced in the late seventies* where 
the con%'entional automatic load pull system was modified to include the 
possibility of independent fimdamental frequenqvand second harmonic tuning. 
The set-up depicted in Figure 5,25 is designed specifically for frequency dou- 
blets. In this case* the coax to waveguide transition act as a high pass filter, 
where the ftmdamental firequenc}^ is reflected back to die device* and its phase 
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figure SJ4 Basic diagram of an automatjc load pull system. 
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Figure 5.2S Basic multiplier load pull system. 



is controlled by the phase-shifter. The second cuner on the waveguide performs 
tuning only on rhe oucpin harmonic. The spectrum analyzer is connected at 
the output CO check for osci Hat ions, phase noise performance, or harmonic 
content. It can also be connected at the input during cKe measurement, to 
detect low frequency oscillations chat arc below the waveguide c u to flf frequency. 

Although this is not an automated syscem» it allows characterization of 
frequency doublets. Higher order multipliers usually generate a higher level of 
unwanted harmonics, requiring the use of addirional bandpass filter at die 
output. This set-up is relatively inexpensive and presents reasonable accuracy. 
An automatic harmonic load pull shown in Figure 5.26 contains one network 
analyzer for the fundamencal frequency signal and another for the second 
harmonic. The input tuning is similar co che arrangement of Figures >-24 and 
5.25. The distorted drain signal is applied to the harmonic tuner, the fundamea- 
tal frequenq^ is runed by tuner 1 , is reflected back co the device by the circulator 
action and the reactance of the highpass filter. The second harmonic Irequency 
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Figure 5.26 Harmonic toad pull. 
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on the other hand/is reflected by die reactance of the Sowpass filter and is 
tuned by tuner 2. By the circulator action, it is reflected back co the device. 
It is obvious that the circulator has to be broadband and present very low loss 
for generating a wide range of standing waves. Higher harmonics are essentially 
absorbed by the circtiJator, since they are out of band, and have no effect on 
the measurements. 

This method is applicable to the characterization of power amplifiers and 
frequency doublets, but requires v^ry carefiJ calibration of the whole system. 
Ochenvise, the desired results may be masked by inherent system errors. The 
losses iiitcoduced by the tuner may also be a limitation of the applicability of 
such procedure. To overcome these problems, active mners [121 were intro- 
duced, where an amplifier is used to compensate the s)^srem losses. An example 
of this arrangement is shown in Figure 5.27. By properly adjusting the attenuaror 
and the phase-shifter, it is possible to present at the device rerminal almost 
any impedance located inside the Smith chart. 

Observe that the amplifier is required to be of much higher power than 
the signals it wiU be amplifying, to avoid introduction of nonlinear effects in die 
measuremenL The loop gain has to be carefully controlled to avoid instabilities 
generated by the power amphfier. In spite oi such limitations^ one can find 
in the market active harmonic automatic load pull systems with reasonable 
performance. 

HarmoEic 
Amplifier Filter 
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I 




Phase 
SMltcr 



Figure 5,Z7 Active tuner load 
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FET Harmonic Oscillators 

Harmonic oscillacors are companenrs where one single device functions both 
as a fimdamentd frequcnc)' oscillator and as a harmonic generator. These 
components deserve special atrcntion due to their capability of generaring RF 
power above the frequencies usually obtained from a fundamental frequency 
oscillator. Their design requires simultaneous application of oscillator theory 
and frequency multiplier theory, in order to obtain a component with a 
reasonable performance in output power, bandwidth, and pha^e noise. 

A simple means of introducing the trade-oflfs relative to a harmonic 
oscillator is to start out on thermodynamic balance of power [ 1 ] in a microwave 
amplifier, depicted in Figure 6.L The atnplifier can be visualized as a DC/RF 
power converter, whose total input/output powers are described by (6.1). 

P\n + PdC - Po^y ^ Pa\^ (61) 

This equation can be ntodified to include the amplifier power gain, 
and the FLF power added by the ampIiBer, P^j, resulting in the following 



Pin 

^ 


DORF 
Power converter 


Pom 




► 


Foe 







Figure 6.1 Thermodynamic re prase ntatiort of an amplifier. 

127 



128 



Design of FET Frequency Multipliers & Hamiomc Oscrllators 



our ^ in 



(63) 



TKe firsE equation shows that if the power gain remains constant, then 
a continuous increase in input power wiJi increase the second term of the 
equation untii P^\l^^ becomes negative. Since this is physicaJJy impossible in 
thermodynamics (assuming the dc power remains conscant), one concludes 
that under large-signal drive, the amplifier gain Gb^s to decrease. 

In the case of iin nsciUator, the situmion h similar; part of the drain 
energy k led back to the gate through a coupling netv^^ork in order to sustain 
oscillations. The previous diagram is therefore modified to take mm account 
the feedback depicted in Figure 62. 

The power balance for the oscillator is also similar to the amplifier 
and can be rearranged in fhe form defined by (6.4), where P^^^- represents the 
power delivered to the load. Conventional oscillator theory states that the 
maximum available power from an oscillator is equal to the added power from 
an amplifier at the point of maximum efficienc>^ {i.e, when the difference 
between P^^^ and P^^ is maximum). 



(6.4) 

(6-5) 



The harmonic oscillacor configuration h actuaUy vhe same as Figure 6.2 
with the addition of a harmonic filter at the output. Now the output power 
comprises fundamental frequency power /*jf plus harmonic power P^j^, In (6.5) 
h is then transformed co 




Figure 6,2 Thermodynamic representation of an oscillator. 
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This equation shows that an optimum harmonic osciOator should generate 
power at the fundamental Frequency just enough to sustain oscillations, most 
of the output power should be deUvered to the external load and the difference 
will be dissipated in the other harmonics. Now the condition for maximtim 
hannonic power will talce place when die difference (P^^\^ - P^^ is maximum. 

6,1 Design Approach 

The design of harmonic oss;iUators sians with the design of a frequency mutd- 
plier, employing any of the methods described in the previous chapter. Then, 
the conventional design requiremems for oscillator operation are modihed to 
match the freqtienc)' multiplier requirements. 

The objectives of a frequency multiplier are a maximum output power 
at the desired harmonic, a marched inpui for maximum efricienc)^ and a 
reasonable frequency bajidwidrh. For harmonic oscillator operation, the multi- 
plier's saturation characteristics are al^o required, which can be obtained from 
experimenraj measurements or through nonlinear simulation. The parameters 
sought are the ones indicated by 

ikiAn.^^o) - J'inWo) - nPM\ ^6.7) 

This is a common procedure in oscillator design [2], and is equally 
applicable to harmonic oscillators. The simulation results for a 5 to lO GH?. 
frequency doublet are shown la Figure 6.3^ employing the reference device- 
Similar relations at^ obtained for higher order midtiplicrs. 




Figure 6.3 Saturation characteristics of a frequency mtiitipHer. 
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One can obscn'e a nonlinear relation between output power and Jiiput 
drive at low Icvelsi and a saturation of die second harmonic output power after 
a certain input drive level. The added power is maximized at the pealv of the 
curve, obtained for a matched input that maximize die gate voltage swing over 
the control capacitor, a shorted load, for the fundamental frequency maximiztng 
die drain current, and a matched second harmonic dniin impedance. 

In the case of harmonic oscillators, (6.6) has co be taken into consideration, 
where the frequency mulripLier h modified to incliide gcneEation of power at 
the fundamentaJ frequency enough to sustain oscOJarions, (Le, 
Pa\n{^\n^^{)\ = P'mU^i)))^ Therefore, the drain circuit has to be modified so 
chat the drain power at the fundamentaJ frequency is equal to the power 
absorbed by the gate. An accurate procedure for the design of the drain 
impedance at rhe fundamental frcquenc>^ is to naonitor both the gate and drain 
power at each iteration, using (6,8). 

p,, = mvw)A(^r)i2 [6.8) 

The nonlinear analpis wiW provide a set of voltages and currents an die 
fundamentaJ frequency and harmonic frequencies, which can be used to generate 
the Feedback network. The currents in the multipher iuc obtained using the 
receptor convcndon* where the ctirrenrs are defined entering at gate and drain 
ports. They must be modified to the generator condition, where they leave 
the gate and drain ports* as depicted in Figure 6.4. 

The next step is to insert the device and associated I,V into any of the 
standard oscillator coupling topologies available, either 'T" or *TI/' illustrated 
in Figures 6,5 and 6.6, respectively. The network elements must satis^' 
I,V oscillation conditions at the fimdamental frequency [2] and the harmonic 
conditions established by the frequencv^ multiplier prototype. Three options 
are possible for each topolog)-, with the load connected ekher to the drain, to 
the sdiucc, or the gate. The connecrion of the load to the drain or source 
provides more power compared to the gate co?\neci;ion. T!\e reason fot higher 
power h due to die higher voltage and currcnc available on the output f>lane* 




FigoreSJ Simplified dDubler circuit 
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Figure 6.5 'T' topolDQY for the harmonic oscillator. 



t SG 



^DS 



Figure B.B "Pr to|}olGgv lor ttie haTmt)T>ic oscilhtof , 



If the dc power requires grounding the source, then there is only one choice. 
In the case of low power oscillators, there is no preferred connection other 
than layout convenience. The examples in the figures are for a load connected 
to the dram. 

The terminations described in Table 6. 1 are for the fimdamental frequency 
and output harmonic only using the. topolog>^ The termhmtions for other 
harmonics should be selected to enhance the desired drain waveform. 

The boundary \N conditions have to be valid sim\3lt;meously at the 
fundamental frequenc)^ and at the harmonics. The set of harmonic impedances 
from Table 6.1 is preferred, where the source impedance is shoned to ground. 
The terminating impedances are defined by the 1,V relationships. The sec of 
terminarions for a topology are described in Table 6.2. 

The equadons required to calculate die network elements as a fiinction 
of I,V at the fundamentaJ frequency' are in Tables 6,3 and 6.4. Note that the 



Table 5.1 

Metwofk Bem^ats fof tha 'T' TopQiagy 



^ndamntel Fret|uency Impedances 


1 

Output Harmonic Fret^uencv Impeftsnces 
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Table B2 

Wetwork Elements for the 'Tl" Topoiogy 



1 

Fundamental Frequency Aiimittance 


1 

Output Harmonic Frequency .^^dmittanco 




J 



Table 6.3 

'T' Conffgu ration: Network Elements as a Functioft of Terminal l,V 
at the FundamenlaJ Frequency f2] 



fine 




is 










Re{Ze) = 


ReiZi = G 




jRB{VelG*] 


^-Z 




ReiZe} = 




IReVoiVo* - Vs*)) 


Vs~ZqIs 
fs + h 




nelZo) = 


Re{Zs] = 0 











Table 6.4 

"Pr Configurations Network Bemenls as a Function of TennmBl 1,V 
at the Fundamerrtsl Frequency [2] 



Case 




I'es 




yea 


Yds 


Rb[Ygs) = 


Re{Yso) = 0 








Re[Yss} - 


ReiYos} = 0 


mVoUsf + /s*)} 


^GS - la 
Vd- Vs 


jReiVeilG* + /d*I1 i 


MYgs] = 








]Re{VD*lD) 


IRsihlVG* - Vo*)) 
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resulting drain lojtd at the furtdamental frequency is low, and represents the 
power required by the gate circuit to sustain osdllations. 

Aidiough both topoJogies arc pos?:iblc from die point of view of oscillators, 
the ''T" configuration is more adequate to harmonic oscillators, due to the 
difficulty of building a circuit where the feedback elemcni ^ open- 

circuit at die output harmonic. 



bl Small-signal Check 

The described nonlinear design approach is applied ai the frequency of oscilla- 
tion, io^, using nonlinear simulation, imd provides a diicct synthesis the 
network required to build a harmonic oscillaror. However, the mechod uses 
compressed device parameters, which are different from small -signal condioons^ 
where the noise excites the negative resistance at the moment the circuit is 
switched on. Designing a circuit based only on large-signal cojidi lions alone 
does not guarantee the start up of oscillations. Therdfoxe, a check of tke small- 
signal oscillation condition is a complemeotar}^ step to the large-stgnal approach. 

The analysis from the impedance point of view [3]t starts by breaking 
die circuit into two parts, one containing the active device ajid presenting 
an impedance Z[){ojq^V) which is dependent on frequency and signal ampH- 
mde, V; and the other containing the lesonator whose impedance Zj_(a*oi is 
only dependent on frequency. The circuit on Figure 6.7 depicts a break dt the 
gate connecdon. 

The start-up oscillation conditions are given by (6.9) aod (6, 10)> v^here 
the net resistance is negadve. Thus, when the circuit is rurried on. the transients 
OT the while noise voliages ir\cident in the resistance reflects back widri higher 
amplitude for the frequencies within the band of the resonator, 

ReiZiitOa)} + mZoitoo , VO) < 0 (6.9} 

Im{Ziio>o)) + /m{Zi)((OQ,V)) = 0 (6.10) 




Figure 6.7 Breaking the circuit into two components for small-signal clieck. 
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The stabilized ascilkrion conditions are met when a particular steady- 
state oscillatign frequency and voltage amplitude is such that condition (6.9) 
becomes equal to zero, or 

Re{Zi{w^)) + Re{Zo{o}(^.V)) < 0 (6/11) 

Therefore, at start-up the net resistance is negative, and as the signal 
amplitude increases, the device impedance nfiodifies until it matches the resona- 
tor impedance at steady-state. This condition is applicable when the device 
impedance behaves as a seiies RLC circuity (i.e„ when the reactance s5ope is 
positive^ or dXIdo) > 0). If the device impedance behaves like a parallel ilLC 
circuit, (i.e., when the susceptance slope is positive), then the admiuance 
approach should be used. 

A third approach to analyze the oscillation conditiotis, consists of describ- 
ing the impedance or admittance in terms of reflecdon coefFieienc from the 
resonator, F/ , and the active device^ Fq, described by 

Ti = {Zi - Zq)I{Zl + Zo) (6.12) 

Yo = {Zd-Zo)\{Zj^^z^) mi) 

The oscillation condirion is then expressed bv an equation similar to 
(6.9). (6.10), 

|rfl(a»o)|.|ri{GJo)l^ 1 (6.14) 

and zr£,{wo) = ^i(wo) (6-15) 

This approach may predict a different oscillacion frequency compared 
with die previous methods [3], which is demonstrated by (6.16) to (6.19). 

'^D = -Rd + JXd (6-^^) 

Zl-Rl^ jXi (6.17) 

Let us assume the oscillation condidons are given by: Xi ^—Xo^ 
Rl = \R 1)131 Calculating the respective reflection coefficients, one obtains the 
phases given by (6,18) and (6.19)5 which obviously does not satisfy 6 J 5, since 
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-2X^[R^-Z^) ^^^^g^ 
(7?o/3 - Z^r + XI 

Therefore, the start-up condidons predicted by the reflecdon approach 
difFerem from the ones predicted by either impedance or admittance. 
However, when steady-stare oscillations are esrablishedt ail three approaches 
are coincident. In spite of the drawback presented by the reflection coefFtcient 
for the start-up of oscillations, it is a very convenient tool in oscillator design, 
allowing a visual verification of the resonator and device impedance interaction 
on the Smith cWan over a wide band. The region ouiside the Smith chart 
represents negative resistance, or in terms of reflection coelFicient, |F| > 1.0. 
However, a simple transformation taking the conjugate inverse of the device 
reflecdon coefFicient, causes the negative resistance to fall inside the positive 
Smith chan. The reactance values read from the chart are still the same, but 
the resistive ones need to be multiplied by —1 to obtain the correct value. 
Therefore, the passive impedance of the tank circuit can be overlaid on top 
of the active impedance, easing the smdy of oscillarion condition. 

An example of such analysis is shown in Figure 6.8 where the trace of 
the tank circuit impedaace encircles the trace of the active circuit Impedance. 
When laying out these plots it is important to note the electrical properties 
of each plot. The passive circuit plot is derived from a RLC parallel tank 
circuit, which presents a fast vaiying function of frequenc)^ ^L{<i>) with a self 
resonance at m^. This is a typical characterisdc of any high Q-resonator. The 
device circuit plot is typical for a common source oscillator, whose small -signal 
reflecdon coefFicient V i}{u}y V), is a slow- varying function of frequency. 

The stabilit)' condition for an oscillator is derived from permrbadon 
theory [4] and is given by 




f*a«ire G.B Afialysis of oscillation eondrtions. 
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SXf SXq 




'5RL' 


5V 






Sat 











(6.20) 



where V\) imd €0^\ represent the steady-state amplitude and frequency, respec- 
lively. This equation guarantees a stable operating point after the osdllacions 
have grown from small to krge signal conditions. For GaAs FETs, the following 
approximauons can be made to simplify 6.20, As the signal grows and reaches 
die device compression point, the gain decreases and so does the negative 
resistance. Therefore, 



(SRolSV)\v._v<ii 



(6.21) 



The device reactive elements are basically amplitude independent, so that 
{SXal8V)\v-v,^^ C6.22) 

Under these conditions, (6.20) reduces to (6.23): 

> 0 C6^} 



SXi SXq 



The above equation states that the load and source reactive components 
must exhibit ;i positive slope about the operating point to ensjire srable opera- 
tion. Thus, if the device presents a series RLC characteristic^ the tank circuit 
should also present the same characteristic. 



6.2 Application to a 10 GHz Harmonic Oscillator 

rhe objective is to design a second hatmonic osciliator at the fundamental 
frequency of 5 GHz, The first step in the design is to define the device bias. 
For best seccjnd harmonic generation, it should be biased near the pinch-off 
gate voltage, Vp, Howeven biasing at pinch-off restdts in low transconducrance 
which results in Io%v loop gain, not adequate for starting oscillations [5l Thus, 
in order to guarantee the build up of oscillations, the device should be biased 
at a voltage gteaier than Vp, in class A mode, restdting in ^ high value for die 
traxisconduccanccs as shown by die bias point A in Figure 6.9. 

However, this gate bias results in bwer second harmonic generation 
degrading the doublet efficiency. Employing a self-bias approach (point B) 
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results in improved opemtion, since the increase of the RF signal generated ar 
the start-up of oscillations moves the gate dc level to more negative \^alues 
(point C), and stabilizes the bias at a point near the pinch-olT voltage. The 
input dc load line that will provide this operation is also presented in the figUFe 
and obtained assuming a half wave sinusoid for the drain current. Thus, 
one point on the line is Vfjs^ 0; //j5 = 0, and the other point is equal to 
^GS = ^/^* ^DS^^^ 60/77* ~ 20 mA, The drain bias is derermined as the mid- 
point between die maximum drain voltage, ifV/)^, and the saturation voltage, 

The second step is to simulate a frequency^ doublet in order to determine 
the I,V set that will produce to best multiplier efficiency. The equivalent 
multiplier circuit is represented in Figure 6.10. 

This circuit provides 6 dB gain with a return loss of 8 dB at 3,0 GHz, 
using the reference device in the design. The parameters for this circuit are 
represenred in Table 6,5, The mulripiier sarurarion char^icterisdcs were simu- 




Figure aiO Simplified doubier cfrcyit 
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Table 6.5 

Frequency Doubler Network Elements Electric Angles Normalized at = 5.0 GHz 





tieTtiem 


Parainet^rs 




Open stub 






Series Ime 




Til 


Series line 


2o = 615U/c^^ 19.8^ 




Open stub 


4j - 5011/^ = 75.3^ 




Series fme 




hi 


Open stub 


^^ 500/(^ = 95.1^ 




Resistor 


/? = 60 ohms 






£'^20pF 



lated for an input irive from 0 to +1^ dBm. The results are given in Figure 
63 which shows a power-added of 12 mW for an input power of 5 tnW. 

The power balance for this circuit shows a gate power of 3.1 mW 
(5 dBni), a fundamental firequency drain power of 0.64 mW (-2 dBm) and 
a second harmonic power of 17.3 mW (12.4 dBm). The voltages^ currents 
and respeciivc biirmonk powers arc presented in Table 6,6, where the average 
power was calculared by means of equation (333): 

From these results, the following notes should be made: 

1 . The gate power is equal to 5 dBm, 1 dB less than the available power 
from the generator. That difierenct is due to the imperfect input 
match, which introduces around 0.7 dB mistnatch losses. 

2. The drain power at the fiindamental frequency is 0.6 rriWi acmunring 
for losses in the drain circuit. However » it is lower dian the gate power 
and oscillations cannot be susciined if that power is Ted back to the 
drain. Perform new iteration with a drain resistor that simuJates die 
power required by the gate. I'hus, \P = P[}- - 23 mW. The 
resistor is caicuiated assuming the drain current remains the same, 



Table 6.6 

l,V Set for the Frequency Ooubier 



Freq(GHz) 


Ig itnA) 


Vg (Volts) 






l^rf (Volts) 


p0 (mW) 


5.0 


25.0/118.6^ 


2.36/34.5=^ 


3.1 


49.0/21.7° 


Q.53/-70.4^ 


0.64 


10,0 


2,3/111.6" 


0,23/-156.4^^ 




23.0/8.8" 


1J0/-137,5= 


17,3 
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dien, R - lAP/l/ = 23 ohms. The new set of I,V and the resulring 
power ar the harmonics are given in Table 6.7* 

This I,V set was applied to the design equations for a "TEE" type of 
oscillator at the fundamental frequency represented in Figure 6.5. The resulting 
impedances are presented sn Table 6.8, from which the terminating impedances 
must be synthesized. 

The device requires a slightly capacitive impedance in the source, and 
both the drain and gate should be cenninated by inductive impedances. After 
connecting diose impedances at the three temiinaJs, it is possible to check the 
small-signaJ oscf Dadon condkion expressed by (6,9) and (6.] 0), looking into 
the gate and 'mto the resonator circuit. 

2g(5GHz) = -18,0 - j933 ft 
Zi(5GHz) -0,0 + j933 O 

It is therefore guaranteed rhat the circuit will oscillate at the desired 
frequenc>' of 5,0 GHz, The circuir of Figure 6.1 1 was designed to fit to the 
values of Table 6,8 at the fundamenra! [T(?quenc)% and a best effort was dedicated 
to meet the second harmonic impedance. 



Table 6.7 

Modified I.V to Set > Pg, 



Freq (GHz) 




Vg (Volts) 


Pg (mW| 


Id (mA) 


l^rf(VoJts» 


Po (mW) 


5.Q 


25.0/119.0'' 


2.38/35.0^ 


3.1 


48,0/21.7= 


0.53/-S3.r 


3.40 


10,0 


Z.^/113,3^ 


0.22/-154,7° 




23,0/10.6= 


1.70/-135.9^^ 


16,3 


15.0 


0.5/110.9^ 


0-02/14.0^ 




2.60/-96.3" 


0,25/155,6^' 


0.10 


29.0 


0.2/-I57.5^ 


0.05/3.2^ 






0.30/48.6" 





Table 6,8 

Terminating Impedances for the Harmonic Oscillator 



Fundamental Frequency Impedafices 


Second Harmonic Frequency Impedances 


Zfltftjjj) = 0.18 + j 15.48 


Zu(2ft;fll = 61,3 + 140.8 


^s("^ol - 0 0 - 15-78 


Zs12^o) ^ 0.0 


Zoim) = 00 + i97.7 


Zeilmoi ^ 3.5 + jlQO 
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Rgure6.1T SchematiD diagram of harmonic oscillator. 

At the source, rhe capacitance required for oscillation, C], is short-circuiced 
by a quarter-wavelength long [ransmission line ar the second harmonic. The 
capacitor, shorts rhe bias resistor R\yi^ at the fundamental frequency and 
second harmonic. 

The gate contains a tank circuit, whose impedance is adjusted by transmis- 
sion line 7^1 to present the required reactance at the fundamental frequency 
and to approximately meet the gate impedance at the second harmonic. 

The same bandstop filter employed in rhe frequency multiplier, 7/4 to 
T/(j, is used to block the fundatiiental and present a low loss at the second 
harmonic. The line 7/3 provides die drain impedance from Table 6,8. The 
drain bias circuit is similar to the one used in Chapter 5* 

The circuit was simulated using nme domain techniques (Psptce) to 
determine power output, frequenc)^ and harmonic content. It has already been 
mentioned that the impetus to start-up oscillatjons comes from noise sources 
contained in die circu.it- Since the frequenc)^ domain beliavior of noise is 
spectrally flat for the frequencies under consideration, the time domain exjuiva- 
lent impetus can be obtained by die inverse Fotirier n:ansform and the result 
is a Dirac impulse waveform. A practical way to implement this perturbation 
signal in rhe circuit is to insert a narrow pulse generator, at a convenient pomt 
in the circuit. The circuit in Figure 6J 1 shows its connection in series writh 
the rank circuit. 

A sample of tlie voltages and currents in die circuit are presented ia 
Figures 6T2 to 6.15. It should be noted diat none of the device lerminaJs are 
grounded, and the voltages presented are with reference to ground. The first 
set in Figure 6.12 illustrates three complete cycles of the drain current and 
drain voltage. The transient effects occur before r = 19 ns, and are not shown 
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V^(t)- Volts 




19. [ 19.2 19.3 19,4 t9.5 19.6 
(b) Drain current versus time 



Figurs€.12 Representation of waveforms at the drain; (a) voltage and {b) eyrrent 

for the high number of cycles required to reach steady-scate. The drain current 
appears as a half- wave rectified current. The drain voltage shows two compo- 
nents> the fundamental frcquenc)' component and the second harmonic compo- 
nent. The negative current observed on the negative cycles is the result of the 
numerical analysis and has no physical meaning. 

The second set containing two complete c\xlcs ot the ^te and drain 
current is shown in Figure 6T3- The gate current displays harmonic distortion 
due to the variation of input impedance within the si^aJ period due to 
nonlinear drain current circuJating in the drain circuit. The effect of employing 
a resonator with a high ''Q'' is observed on the gate voltage waveform, which 
short-circuited all gate current harmonics, displaying a very low harmonic 
content. During simulation, the losses, represented by resistor R\^^^^ had to be 
added to rhe resonator circtiit and to the drain terminal in order to avoid 
convergence problems during the time domain simulation. 

The representation of the load voltage in Figure 6.14, where the muJti pli- 
cation effect is obsen^ed by comparing the period at the load with the period 
at the gate in Figure 6.13. The period of the load voltage is half the period 
of the gate voltage (i.e,, a frequency twice the oscillating frequency). 

The voltage at the load shows ver)^ low harmonic content. A better 
measure of its "purity" is obtained by checking its spectrum, which is shown 
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(a) Gate voltage versus time 



t-nS 



19.6 
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19.2 19.4 
(b) Gale curreiit versus time 
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Figure 6,13 RepresentBtion of gate waveforms: (a) gate voltage; (b) gate current 
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19 19.2 19.4 19.6 

Load voltage versus time 



Figure 6.14 Load voltage on the harmonic oscillator. 



in Figure 6.15. The second harmonic at 10 GHz shows an output powder in 
the order of +10 dBm. Compared to die output signal, die Fundamental 
frequency componenc at 5 GHz, is 30 dB below the second harmonic, and 
the diird is in the order of 25 dB below. The other components arc of much 
less amplitude. 
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Figure 6.15 Spectrum at the output load. 
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Typical Frequency Multiplier 
Topologies 



The important performance parameters of a frequency multiplier are ks multi- 
plicadon gain, input rermn loss, and ootpuE power under stabJe conditions of 
operation. These conditions nmy be optimized by fine tuning the input and 
output circuits to achieve the desired [erminating impedances at spot fundaJTien' 
tal and harmonic frequencies. In general, this aLppro'ich results In a narrowbar\d 
muhipher, exhibiting less than 10% fractional bandwidth. Pursuing this 
approach at larger bandwidths becomes prohibitive, especially when the high 
end oi the input frequency srarts overlapping the low end oi^ the output band- 
To design latge bandwidth multipliers, the input and outpuf device Q-faaors 
have to be imtiimi;?.ed by resistive loading, which also contribute?: to the circuit 
stability over the band. Then rhe appropriate ropolog)^ is selected to provide 
the desired performance. For instanc:e, inserting the FET in balanced topologies 
which inherently rejecrs the fundamental and odd harmonics at the output 
and employing MMIC technologies, octave bandwidth multipliers can be 
obtained- 

In this chapter, sev^r^ ^yp^^^ muliiplier topologies are described and 
simulated performance arc detailed for a selected set of circuits. The simulation 
includes Rf parameters and waveforms for the voltages and currents. They are 
intended For either high elficiencv, large bandwidth or high oucpuE power. 
The StatZ'Pucel model of Chapter 2 was used to describe the chip device 
employed in all simulacions. The applicanon of MMIC technology in the 
design of multipliers is also covered with pracucal examples. The chapter is 
complemented with ^ few topologies of harmonic oscillators. 
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7.1 Frequency Doublers 

Frequency cioublcrs are die most common applicacion of frequency muJdpliers 
due CO their high efFicienc\% circuir simpHctr)^ and minimum generation of 
unwanted harmonics. Most of the MIC applications found in the literatiu-e 
are for single-ended topologies and the balanced topology is usually found in 
MMIC technology. In radio system applications, frequency doublets are usually 
designed for low power (< 10 mW), followed by a buffer amplifier. Although 
higher output power can be obtained from a mukipHcr, ir is not a preferred 
approach due to the higher generation of unwanted harmonics. 

One of rhe first reported works [1] on frequency multipliers employed 
a simple input matching circuit at the fundamental frequenc)% and an output 
matching cireuic at the second harniomc, [ollowed by a fundamental frequency 
trap* The preliminary reported result was 1 dB multiplication gain to double 
4 to 8 GHz, This result otiginated a trend in the invesugation of Irequeacy 
multipliers using FETs that is still tmder way today. Later, higher ourpur power 
and multiplication gain were reported, for instance, a frequenc)^ doubler from 
4 to 8 GFIz employing a 1 x 600 device presented a multiplication gain 
of 5 dB gain for an input power of 14 dBm [2]; the mukiplication of 12 to 
24 GHz using a device NE71082 by NEC provided 4 dB multi plication gain 
for an input power of 0 dBm [3]. 

A tentative way to provide good impedance match and control on the 
phase of reflected fundamental and second harmonic frequency signals [4] k 
described in Figure 7.1 for a doubler from 12 to 24 GHz. At the gate, a 
reflector (or trap) for the second harmonic was connected close to the device, 
while the hindamental frequency matching circuit was connected close to the 
generator. At the drain, a reflector for the Enndamental frequency was also 
connected close to the device in cascade with the second harmonic marching 
circuit. The authors explored the dependence of mukiplication gain on the 
electrical angles $2^ The characteristic impedance ol all transmission lines 




Figure 7 A Frequency doubler with input/output reflector. 
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is equal to 50 ft. The reported multiplication gain over the output frequency 
band of 23-2 to 24.2 GHz is 3 to 6 dB for an input power of -f 7 dBm. 

An important topology when the output frequencies are in the miUimeter- 
wave range is shown in Figure 7.2. where the input circuit is built in tiiicrostrip 
and the output is built in a waveguide, whose dimensions are pracrical to 
handle at these frequencies. The input circuit contains a biocldng capacitor 
Q, and matching transmission-hnc elements Tj and Ti^. The open- 

circuit stub 7j^3, besides matching at the fimdamental frequency, is also a Piker 
for the second barmonic. Best efficiency is obtained by tuning the frmdamenial 
drain terminarion, adjusting the length of series transmission line, T^y, from the 
drain to the microst rip- to -waveguide transirion. Second harmonic impedance 
match is obtained by adjusting a tuning screw on the waveguide side. The 
transmission-line elements T^^ and T^g are 90 degrees long at the fundamental 
freqtiency^ and operate as a reject filter at that frequency. This fdter is transparent 
to the second harmonic, and the other two elements, and 7} || whose 
dimensions are 43 degrees each, function as a second harmonic filter. 

The waveguide is a high-pass fiker aod inherently rejects the fundamentd. 
frequency. Second and higher harmonics propagate through the waveguide. If 
the frequency doubler is properly designed, its current is an approximate 
hali-vvave sinusoids where third harmonic content is low, and the fourth har- 
monic will be of much lower ampHrude. A pioneer publication [5J in this area 
reported this topology, showing a mtilti plication gain of -1 dB at an output 
freqoenc)^ of 30 GHz, and an output power of +8 dBm, employing a 
0,5 X 250 jam device from Avantek. 




Figyre 72 Frequency doubler employing waveguide output 
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in ait these designs a bandpass filter has to be coupled at the output to 
dean the spectrum. Another option to build a frequenc)" doubkr is to simply 
connect to the drain a bandpass filter centered at the second harmonic^ in 
scries with a transmission-line phase-shifi:cr, 

7.1.1 Tuneff Frequency Doubler/Single-ended 

The circuit shown in Figutc 73 was designed to double the Input frequencv^ 
band tuned at 5 to 10 GHz. The gate contains the matching ttansmission- 
line elements Ti\ and Tu, and the bias filter elements and T/4, The 
drain contains a tratismissi on-line phase-shifter, Ti^, to adjust the phase of 
the fundamental frequency impedance and a harmonic filter which behave as 
a bandpass fUter. It is composed of quarter-wavelength transmission lines. Jjr^, 
T1-7 and Ti^y which block the fundamental and third harmonic frequencies 
and present a 50 ohm termination at the second harmonic frequency. The 
drain bias filter is composed of elements Tm and and their function is 
CO isolate the bias from che generated second harmonic signals. The RC circuit, 
in parallel with the power supply, gives a resistive termination at low frequencies 
contribudng to the circuir overall stabilization. 

It lias been demonstrated that biasing the device in die vicinit}' of pinch- 
off equates to best multiplication efFidency. This condition is obtained by 
applying a positive supply to the drain and a negative supply to the gate, A 
more practical application is to replace the negative supply with a self-bias 
circuit introduced by the source resistance, 7?^; and a gate grounding resisror, 
Rg, indicated in the figtu-e. 

The calculation of requires an initial esnmate of dc drain current 
under RF driven conditions. Asstiming maximum gate voltage swing from 
pinch-ofiF to zero volts and a low drain impedance, the drain current will be 
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Figure 7.3 Tuned single ended frequency doubler. 
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rectified with I^ss current. The dc component of a half-wave rectified 
sinusoid with a peak value of 60 mA is equal to 60/ ir ^ 20 mA, The dc load 
line for the input circuit represented in Figute 7 A is drawn from 
Vas = = 0 to Vq^ ^ ^p/h)S = 20 mA, which determines the correct 

value for R^, 

The quiescent voltage, VJ^o = --1.1 V, and current, Iqq = 15 niA* is 
defined at the crossing of the input circuit dc load line and - V(;s plt^t' 
Driving che device with a higher dynamic voltage^ the current increases to 
20 mA and the gate voltage rises to — L5 volts. There is, however, a rradeoff 
on the value of due to the reduction of available dc voltage for the device. 
If this reduction can be compensated with a higher drain voltage then the 
performance of rhe mukipHer with two supplies or one supply is approximately 
the same. The nemork elements obtained after computer optimization are 
given in Table 7, 1 , 

The drain voltage and current waveforms obtained through simulation 
on MDS are shown in Figure 7.5. The drain current is measured at the de^^ice 
external terminal where the efiects introduced by the device parasicics and wire 
bond connecrions are taken into account. The drain voltage is neady sinusoidal, 
indicating a high rejection of fimdamenta! and third harmonic components. 

The signal trajectory on the 1-V plane is shown in Figure 7*6, where 
one can observ^e rhe two distinct regions: the region where the device is on 
and the region where the device is off. Tlie slope representing the ''on^' region 
corresponds to a load One equal to 40 ohms. This najectory is ver)' close 10 
the one described in Figure 3.13 for a dc modeL 

The frequency response for this circuit in terms of multiplication gain 
and inptit return loss is shown in Figure 7.7 for the frequency range 4.5 to 




Ffgure 7,4 Determination of /?/, 
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Table lA 

Frequency Doubler Network Elements (etectric angles normalized at f^- 5.0 GHz) 



Element No 


Element Type 


Parameters 
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Figure 7.5 Drain current and voltage waveforms. 



5-5 GHz. The maximum gain is on the order of 4.4 clB and the Input return 
loss at the worst poinr is in rhe order of 7 dB at the low end of die band. 
This data was simulated for an inpur power of +10 dBm. 

The cffecr of applied power in the muhiplier performance is observed in 
rhe same plot, by changing rhe appHed power to +5 d,Bm. Although the effect 
on the malcipUcation gain is neghgible, i^t has a great impact on the input 
impedance. At lower drive levels* the multiplication gain drops and the remrn 
loss approaches 0 dB. At higher input power, the mukiplication gain drops 
to a lower level corresponding co saruratiori of the multiplier, and the input 
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Fiiure 7.6 Signal trajectory on the l-V plane, 
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Rgure 7.7 Frequency response of the tuned frequency doubler. 



return loss improves. This performance is similar lo chose presented by class 
B amplifiers. 

This is a medium-band design giving a reasonable performance over a 
20% bandwidth. The bandwidth limiting factors are: 

Drain ddei phase- shifter which resonates with the drain reactance 
at specific frequencies; effectiveness of open-circuited stubs in main- 
taining a short-circuit on the main output line over frequency. 
Gate side: high "Q" of the gate impedance. 

Only the input return loss was simulated in this example and in the 
others in this chapter. As demonstrated in Chapter 5> simulation of output 
innpedance for a linearized mode! is relatively straightforward.. For the direct 
synthesis analysis it ts also possible to obtain output impedance by repeating 
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that process for each fundamental frequency. A spcckl software would need 
to be developed for that purpose, otherwise this would be a tedious task. Most 
of the sunolattons in this diapter were carried out in MDS. !t is not simple 
to obtain the output returns loss from dirs type of circuit using diat software. 
It c^t, however, be obtained indirectly by making a load pull, i.e., changing 
die load impedance and observing the multipher performance. That approach 
can be impiemented in most software* 

7.1.2 Wideband Frequeftcy Daufaters/Siiigte-ended 

The idea [6] ol introducing frequency diplexers at the drain and gate of a 
frequency multiplier has the advantage of presenting resistive terminations over 
wide frequency range, minimizing .signal reflections. One such configuration 
IS shown m Figure 7.8, where the device is biased near pinch-off. The output 
diplexer is used to separate the second harmonic from the fundamental and 
other harmonic signals. It is composed of a bandpass fdter (BPF), and a 
bandscop filter (BSF), tor the second harmonic. The transmission line, T^^y 
in series with the bandpass filter, adjusts the phase of the impedance at the 
fundamental frequenc}^ The bandpass filter is of the edge coupled t)^e con- 
taining at least three resonators, rejecting hmdamcntaJ and third harmonic 
frequencies* Th<; band stop filter composed of elements 7/ 7, T/^g and T^cj, 
blocks the second harmonic and presents low loss at fundamental frequency 
and third harmonic. The open stubs, T^^ and 7} 9 are a quancr-wa^c long at 
the second harmonic, and are spaced by a series line T[j measuring 63.4 
degrees ai the fundamental frequency. Therefore, the bandstop filter presents 
a shori-circait to the second hatmonic, and is matched to 50 ohms ai the 
fmidamental and third harmonic frequencies. Transmission line Ti^ is a 




Figure 7,8 WfdebBnci single ended frequencv doubler. 
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quaaerwave-Iong at the second harmonic transforming the short circuit to an 
open circuit at the drain. 

An example of such an approach has been simulated for the itiput fre- 
quency band from 6 to 9 GHz, corresponding to 40% bandwidth. According 
to Figure 4. 16, this wide band introduces a slope of 5 dB in the muldplication 
gain. Therefore* following w^ideband amplifier techniques, the circtdr is ideally 
matched at the high end of the band, and mismatched at the low end to 
maintain the multiplication gahi constant. Application of (432) provides the 
amount of mismatch at the low end ol the band to maintain a constant 
multiplicadon gain, assuming a perfect match at the high end of the band. 

Vl - (1 - 3/9)2 = 0.745 

Thus, a VSWR of 6,8 is expeaed at 6,0 GHz. A simulation of the doublet 
performance tuned at 9,0 GHz showed a multiplication gain of —2.6 dB, so 
that the overall mtdtipDcation gain within the band will be less than that value. 
The gate is matched at the ftmdamental frequency by a high impedance series 
transmission line, Tu^ and a low impedance open stub, 77 j, simulating a low 
pass circuit. Their parameters were opdmized to obtain the objective of flat 
multiphcation gain over the band. Harmonic signals generated by the device 
at the gate are absorbed by the input bias filter. This crrcuir presents excel lent 
stabilit)^ due to the drain resistive terminations at the fundamental and harmonic 
frequencies. The rransmission-line phase-sliifter was adjusted for maximum 
bandwiddi. The elements obtained after optunization are described in Table 
72, 

This circuit is capable of providing 2.9 ± 0.6 dB loss when driven by a 
+10 dBm source sweeping from 6 to 9 GHz. The simulated performance for 
this multiplier is depicted in Figure 7.9 which shows multiplication gain and 
input return loss chaxacTcn sties. Ftaciical use of such a wideband multiplier 
would require either a 3 dB pad to raise the low input return loss at low 
frequencies to a reasonable 10 dB vaiue, or a wideband isolator. 

The harmonics dissipated in the bias load circuitry is depicted in Figure 
7.10, where a high saturated power (+ 1 8 dBm) is at the fundamental frequency. 
The second harmonic bands top filter also presents a narrow rejecrion band^ 
from 7.2 to 8,4 GHz* dissipating nearly t5 mW power at die bandwidth 
extremes on the bias termination. If a better filter is applied, the multiplication 
efficiency can be improved at rhe bandwidth exti'emes. 

713 Wideband Balanced Frequency Doubler 

A means of improving the input inipedance match in a wideband can be 
obtained by the use of a balanced topology [7], represented in Figure 7.1L 
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Table 12 

Wideband Frequency Doubler Network Elements 
[electric angles norma tized at = 7.5 GHz) 
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Etement No 


Element Type 
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Figure 7.9 Wideband frequency doubler performance. 

Inserting two FET half- wave rectifiers anti^wm metrical If so that conduction 
occurs on akernaring half- wave cycles, ont! cati obtain an active full-wave 
rectifier. The input coupler and output couplers raujir present a bandwidth 
wide enough to cover the Fundamental and the second harmonic, which can 
be achieved b)" Lange couplers. 

Besides the VSWR advantage ar both rhe inpui and ourpur ports, this 
topology presents good isolation between tlie multiplier stages, and is very^ 
stable since die devices are terminated into 50 ohm over a wideband fi'equenc)^ 
The input coLipJcr introduces a 90-degree phase shift and the output coupler 
another 90 degrees, so that the current from each device at the ourpur load 
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Fundamental frequency - GHz 



Figure 7.10 Harmonic power on the bias termination. 




Figure 7.11 Wideband balanced frequency doubier. 

are given by (7.1) and (7-2). Therefore, the odd harmonics are 180 degrees 
out of phase, are canceled at the output port, and dissipated at the coupler 
termination. The even harmonics at die output port are in phase and added 
in power. 

If ff ILif 
/mj = — + -zcas{ii}t) + — cosCI^yf) + . . . (7.1) 
TT 2 37r 

If If llf 
Im = — + — cos(&if + tt) — cos(2a*r+ Itt) + , , . (7,2) 

In pracrieai applications, the input matching circuit is designed for a 
wide band at the fimdamental frequency, but may introduce a high impedance 
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mismatch at the second harmonic frequency band If chat happens, the input 
coupler may not be effective at the second harmonic. The gate matching circuit 
in this example is die same uijcd in the previous example. It was modified to 
incorporate the self-bias circuit, consisting in the grounding of transmission 
line 7/3 and inserung the bias resistor, Rf and bypass capacitor Cf, The bias 
is adjusred such char the gate voltage is near pinch-ofFwhen the device is driven 
by the Rf signal. The bandwidth limitation oi this configuration is mainly 
due to the input matching. The output impedance is nor matched to avoid 
introducing bandwidth resrrictioos. 

A set of simulations %vere carried out For a bias voltage ol +5V and an 
input power of +10 dBm. The rei^uJts showed this topology can dehver a 
mukiplicadon gain of —5,0 dBj flat within 0.5 tlB» for an input frequenc}' 
from 6 to 9 GHz. The difference in gain compared to the previous topology 
is on the lack of a drain element to resonate the device output reactance at 
the fundamental trequency. The transmission-line element connects the drain 
to the coupler impedance, 50 ohms, instead of connecting to a reactive termina- 
tion. As obsen'ed in Figure 7,12, the input matching is on the order of 
20 dB across the band. These results consider both devices identical in their 
dc and RJ" charaaeristics. If they are nor equal, the input VSWR will degrade 
proportionally. This is a good topology for MMIC design^ where similar devices 
are readily available. 

The simulation ot drain currents for each device is shown in Figttre 7.13, 
where a 90 degree phase shift between each waveform is seen. The distortion 
is antisymmetric, indicative of a waveform rich in even harmonics. The effect 
of the 50 ohm drain loading at the fundamental hrequenc)^ is observed in the 
maximum peak current that is lower than ff. 

An additional simulation was carried with this topology to find out its 
performance as a function of drive level. The result of Figure 7.14 shows a 
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Figure 7.12 Frequency response for balanced frequency doubler. 
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Figure 7,14 Outptrt/inptit power relationship for a balanced frequency daubler 
Fundamental frequency - 7.5 GHz. 



monotonic reiation firom 0 to + 1 5 dBm input power. Maximum output power 
obtained is on the order of +8 dBm, with + 1 2 dBm of input drive corresponding 
to —4 dB mulnplication gain. This simulation provided important informadon 
related to the range of drive level that can be applied to such a device. For 
instance, the input power variation from 9 to 15 dBm is reduced to 2.5 dB 
at the otitputj contributing to better stability over temperature. However, a 
maximum drive power has to be determined to avoid introducing excess phase 
noise into the original signal. 

7.1.4 Balanced/Unbalanced Frequency Doublet 

Another approach 18] to balance a frequency doubler is to use an input 180 
degree hybrid to drive each device in antiphase. Thereforet the fundamental 
drain currents are also in antiphase and a good rejection is obtained by paralleling 
both dj^ins. As a matter of face, the Gonnection point becomes a virtual ground 
and the length of line from the jnnction of hotli transmission lines to the drain 
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becomes an Inductive short stub that can be used for tuning the drain at the 
fundamental frequenc>'. It is obser\-ed by the set of (7.1) and (7.2), which are 
also valid for this configuration, that the resulting second harmanic from each 
device are ui phase, and are therefore added in the output load. 

The bandwidth limitation becomes a function of the transformer "balim" 
used, the gate Q-factor, and of the drain tuning fine. An example of a microstrip 
version, using a ratracc coupler as rhe 180 degree hybrid is depicted in Figure 
7.15 for operation within the fundamental bandwidth, 10 to 12 GHz. Calculat- 
ing the maximum mtdtiplicaiion gain at the band extremes, it was foimd 
0.0 dB at the low^ end and -3.0 dB at the high end. Therefore, the matching 
circuit is designed to obtain maximum gain at 12.0 GHz and mismatch the 
impedance at the Jow end to maintain a constant multipiicadon gain. The 
input circuh is symmetrical and comprises an open stub, T^^,^ and a series 
transmission line, Tiy. At the drain, both devices are connected together to 
the same output line. The drain is biased by the inductance L^k- The ra trace 
coupler is composed of transmission-line elements Ti]y T^^ (70.70/90°) and 
Ti^ (70Jil/180^). 

This type of halun is simple to consiruci and ha^ a term i nation for 
absorbing any tn-phase voltages, helping to stabihze die circuit. The simulation 
for this frequency doubler provided an average -5 dB multiplication gain over 
the input frequenq^ band from 10 to 1 2 GHz, as shown in Figure 7.16. Note 
the device is capable of generating frequencies as high as 24 GHz, which is 
above the frequenc)^ of operation for this device as an amplifier. 

The disadvantage of this topology is its higher susceptibility to imbalances 
in device dc parameters andRF matching networks compared with the previous 
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Figure 7.16 Performant^e of balanced/unbalanced frequency doubler. 

topology. Any imbalance is reflected back to die generator, therefore requiring 
an attetiuaror at the input ro minimize the resulting standing wave. 

An example of a frequency doubler employing this topolog)^ is depicted 
in the photo of Figure 7. 1 7, whidi shows di^ reahzadon on ] 0 mils thick 
alumina substrate of a frequenc)^ doubler operating from 6.0 to 9,0 GHz at 
the fundamental frequenc)^ Observe that the traditional ra trace coupler has 
been modified to operate over die desired bancl. This circuit employs the 




Figuie7.17 Witiehand balanced/unbalarted frequency doubier operating from 6.0 to 
9.0 GHz [CounBsy of He wieU- Packard Company, WirelGSS Infrastructure 
DMsionl 
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reference devi^ie and provided a multiplication gain of —2.0 ± 0,25 dB over 
the band. 



11 FrequenDY Tripleis 

The subject of FET frequency tripldrs took longer to be reported compared 
to frequency doiiblers, due ro the special operating conditiom required to 
obtain a reasonable performance, A simple drain circuit using a bandpass 
fdter and an open stub to adjust optimum fundamental and ^tecond harmonic 
termination, was repotted [3] to present 3 dB multipllcatLOu gain from 4 to 

12 GHz with a drive of +10 dBm. This result was obtained with a 
1 X 600 fjtm device biased near zero gate volts. Published results on a topology 
[6], similar ro the one presented in Figure 7.18, presenred a conversion loss 
of 10.6 + 0.6 dB over die fundamental frequency band 8,5 to 10.5 GHz, wirh 
m inpui drive of 1 0 mW* 

72.1 Frequency Tripler/Single-ended 

A topology similar to that of Figure 7,8 was applied to a frequency rripler, 
with a diffcreni bias, impedance matching and harmonic terminations. It v^as 
demonstrated in Chapter 3 that the adequate bias and drain termiuarion for 
odd harmonic generation should emphasize voltage distortion instead of current. 
Therefore* the phase-shifter in series with the bandpass filter has to provide a 
parallel resonance of the drain parasitics in order to maximize the voltage on 
the device nonlinear elements at the fundamental frequency. The active device 
is then biased in class A* and a large input power is applied to swmg the gate 




X 

Rgure 118 Smgle-ended frequency triplet. 



Typkai Frequtney Mulnpiicr Tapoiagies 



from pinch-off to zero gate voltage. The circuit topology shown in Figure 7. 1 8 
was designed to multiply by three the fundamental frequenc}' band from 5.5 
to 17.5 GH2:, The circuit elemenrs are described in Table 7,3* The device is 
biased ciass A (Vdo = 3.5 volts; Idq = 32 mA) and driven by a +10 dBm 
signal. 

The drain circuit is composed by a bandpass filter for delivering the third 
harmonic to the load, in scries with the transmission-line filter T^^. The bias 
is delivered through the transmission-line elements, 7^5 and 7); 7, that block 
the third harmotiic frequency, and present a low pass rype of response to the 
ftmdamental and second harmonic. 

The purpose of the inpur bias filter is similar to the one used m the 
frequency doublet: couple the generator to the gate and absorb all reflected 
harmonics. The bandwidth of such a multiplier is essentially limited by die 
drain phase-!>hifters ability to resonate the device output parasitica, and the 
gate impedance mismatch widi frequency. The inpur return loss of such a 
circuit will be dependent on the device input impedance and may require an 
input isolator for proper operation, A simuiation of the drain voltage for the 
frequency tripter is illustrared in Figure 7.19* 

In the figure, distorrion is on bodi sides of the voltage waveform, an 
indication of the high content of odd harmonics. Also observed are high voltage 
pealcs, indicative o^ a high impedance termination. The drain current waveform 
is shown in Figure 7.20* and a third harmonic sinusoidal was inserted into 
the plott represented by a dotted hue to emphasize the third harmonic content. 
The drain current peaks at a value higher than /^y^ with gate conduction for 
a brief period of the microwave signal. 



Table 7.3 

Single-ended Frequ9ncv Tripler Network Elements 
(eJectric angles normalized at - ^.5 GHz) 
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m 


Open stub 


4-25 nfS - 95.9^ 
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sively used in the design of wideband power amplifiers due to its properties 
of cancellation of harmonics and phase addition of the fundamental frequency 
component. If wideband transformers aj-e employed, then wide band ampUiiers 
are obtained with v^zy low even harmonic content. The demonstration of this 
latter fact is shown by {73) and (7.4), which describe die harmonic currents 
at the drain of two FETs driven by a 180 degree transformer. 

^Di = ^iio + I^]Cos{(i)t) + I^2a^sl2a^t) + /^3cos(3a;f) , . . (7.3) 

^DI - /^/O + lf/]COs{ojt + tt) + /^2^ost^^*^^ ^ Itt) + Jj^CQs{3oJl + 37r) . . . 

{7.4) 

The output transformer introduces additional nlBO degree {n= harmonic 
order) rotation on current so that at the load, only die fiindamental 
components of both currents are in phase. All others are in antiphase and are 
ideally canceled. 

In the case of a balanced frequency tripler, the advantage of push-pull 
effect can be taken by first observing thai the drain currents are balanced at 
the fundamental frequency and at the third harmonic frequency. Then, by 
employing an output transformer presenting 3 transfer characteristic from port 
1 to the output port, common to that from pon 2 to output port at the 
fundamental frequency, and a differential transfer characteristic from the same 
ports at the third harmonic. In these conditions, the fundamental frequency 
currents are canceled and the third harmonic currents are added in phase. For 
instance* the plot of Figure 7>24 shows the performance of a ra trace hybrid 
designed for 15 GFlz, where die power is combined for signals with same 
amplhude and with a phase difference of 180 degrees. One can observe diat 
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Figure 7-24 Performance of a rMrace hyfarid. 
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at 5 GHz, the amplitudes and the phases are nearly equal, so that the differential 
drain mode impedance is close to a short circuit. With such a component* the 
fundamental frequency^ is attenuated and the third harmonic is added in-phase 
at the load. 

Therefore, applying a ratrace at the input centered at the fundamental 
frcquenc)', and another at die output centered at the third harmonic, one is 
able to take advantage oi similar push-pull properties. An example of such a 
topology is presented in Figure 7.25. 

The input march contains a series inductance simulated by a high imped- 
ance transmission-line, T/i, and a parallel capacitor simulated by an open- 
circuited strub, Ti\, Connecting boili inputs, there is a quarter-wave long 
transmission line, 7/^, diat introduces a short at the second harmonic, improv- 
ing the performance. The output match contains only a quarter- wave high 
impedance transmission line, T^^, to parallel tune the drain output impedance 
at the fundamental frequency. TTie devices are self-biased and the source resistor 
does not need to be bypassed due ro the phases of the r^vo currents at each 
source which are in antiphase- In practice* bypass capacirots need to be added 
becatise any asymmetry In the dev^ices unbalances the cutrencs and then pow^r 
is dissipated in the source resistors- 

The network elements are described in Table 7.4 for one side of the 
circuit. The other side is sjmimetrical. The ratrace circuit used is convenuonal, 
with 70.7 ohms line impedance. The input coupler is tuned at 5.0 GHz and 
the output one to 15 GHz. 

Input ratrace Output retrace 



mned @ fo tuoed @ 3 fo 




Rgtfre ?^ Pysh-tJufl frequency tripler. 
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Table 7.4 t 

Push -Pull Frequency Tripler Network Bements 
(electric angles normalised at = 5.0 GHz) 



Elemefit Ko Element Type Paramelers 



•ll Open stub 4 - 50 1 y 6^ = 15 8'^ 

" ^ Serfesline 4 - 30 n/i9- laS^ 

Series fine ^^7t}£lje= %W 

% Series line 4 = 50 0/6^ =47.6^ 



The de\aces are self-biased with a 20 ohm resistor, resulting in a qui<?scenT 
current of 30 mA, at Vdd = 4.0V. The mulciphcacion gain for a 10 dBm inpuc 
drive shown in Figure 7.26 is better than -3 dB, and the input return loss at 
the worst point in the band is —8 dB* 

The drain current waveforms for both drains are shown in Figure 7.27, 
where both currents arc not symmetrical, due to the unequal impedances 
presented by the rat race at the fundamental frequency. 

This multiplier gain compression is depicted in Figure 7.28 at 5 GHz. 
A linear m oh ipli cation gain is observed at low level, and 1 dB compression is 
at an inptit power of 6 dBm, At higher drive levels, the raultipUer enters 
smoothly into saturation. At an input power, 10 dBm, the output power is 
in the order of +6,5 dBm. 



7.3 Frequency Quadruplers 

Frequency quadruplers are less efficient than triplers and doublers, but its 
design simplicity compared to diode multipUers is gaining acceptance within 

MuJifplication gain - dB Input return loss « dB 



1 

2- 
























-6. 






















iO- 


1 ^ 


r-^ ■ 1 


- 





-\ ■ I ' I 1 r 

4^ 4,7 4.9 5 J 5.3 5.5 

Fundamental frequency - GHz 



Rgi]re7.2E Performance of push-pull frequency tripler. 



Typical Frequency MultipiUr Topahgies 




-I 1 1 1 1 1 r 1 

0 50 too 150 200 250 300 350 

Time - pS 



Figma 727 Drm cmants fm the push-pv}} frequancy tnpler. 



10 




-T 1 1 1 1 

0 5 10 15 20 

Input power @ fundamental frequency - dBm 



Figure 7,28 Compression characteristic of the push-pult frequency tripler. 

the industry. Previous reported results using a 1 X 600 pLm for a 
4 to 1 6 GHx circuit using a topology similar to one described in 7.18 provided 
a maximum gain of 2 dB with the device biased in cla^s B. A similar result 
on a frequency quadtupler was reported [10], which used a device t}^pe NE 
71 083 by NEC, possessing a gate area of 03 X 380 /zm". Although bandwidth 
is not described, a conversion loss of 6.5 dB was reported for a fundamenial 
frequency of 5 GHz. 

A frequency quadrupler can be obtained as an extension of a frequency 
doublet, where the harmonic filter is modified to reject fundamental, second 
and third harmonics. According to Table 3. K the magnitude of the generated 
4ih harmonic is only 3 dB lower than the second and rhe third harmonic if 
the conduction angle is 60 degrees. However, that requires biasing the device 
in deep class C operation, where a high input power to be applied to the 
device and the inpur impedance is diffictdt to match. If class B operation is 
used, then the 4th harmonic is 15 dB lower than the second. One way to 
partially overcome this problem is to use a larger gate device* so that with 
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higher current and consequently higher trans conductance, one can build a 
multiplier presenting a reasonable performance. For rhis exercise, the reference 
device had its gate area doubled. In consequence, liyss doubled, as well as 
the device capacitances. A conventional topology for this type of multiplier h 
similar to the one illustrated in Figure 73. The main difference is on the 
second open-circuited stub connected to the drain that is made half the size 
of the first to reject the second harmonic and present low loss to the fourth 
harmonic. The element values tefcrence to that circuit are described in Table 
7.5. 

The frequency response for this circuit in terms of multiplication gain 
and return loss are shown in Figure 7.29 for the fundamental frequency range 
4.5 tn 5.5 GHz. The drive power for this circuit is +10 dBm, and the device 
was biased ar Vqd^ 5V, /do ^ 10 rnA. A mulriplicarion gain of -7 dB was 
obtained from 4.7 to 5.3 GHz, wirh an inpur return loss better than 8 dB. 
ObsenT from this plot rhat the bandwidth is in the order of 10%, representing 
a aade-off with input match, which was kept in the order of 8 dB. Bcrtcr 
input match and efficienc)' can be obtained at the expense of bandwidth. The 
harmonic filter is adeqttate to provide the reqttired terminations to the drain. 
However, it does not suffice to prodtice a clean ourput specrrum. A bandpass 
filter must therefore be added at rhc ourput. 

The simulated drain current and voltage arc in Figure 7.30, a distorted 
drain current, as well as a distorted drain voltage. Both waveforms are contribut- 



Table 7.5 

Frequencv Quadrupler Network Elements 
(electric angles normalized at f(j ^ 5.0 GHz) 



El&ment No 


Element Type 


Parameters 






Open stub 






'rii 


Series line 


4 ^ 75 iVf? = 


15.2= 


Tl2 


Series line 


4 ^ 65 n/ f^ ^ 


15.8- 


Tu 


Open stub 




Sir 


ns 


Series line 




25-7= 




Open stub 


4 40 n/0 = 


87.2^ 


717. 


Series line 


4 = 50 iVff - 


33.7= 


Tti 


Open stub 


4 ^ 50 li//? = 


43J^ 




Series line 


4 ^ 90 n/a = 




Tito 


Open stub 


4^35!^/^^ = 


39.6^ 




Resistor 


R = 50 n 
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= 75 O 






Capacitor 
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Figure 7.29 Frequency response of the tunetJ frequency quadrtipler. 



Drain current, \^ - mA 



ftain voltage, Vy^^ - Volts 
^ 10 




Time - pS 

Figure 7,30 Drain current and voitage as a function of time. 



ing to the 4th harmonic generation, or both the transconducrance and ourput 
conductance are the important nonlinear generarors. 

The resulting signal trajectory- on the I-V plane is represented in Figure 
7.31 » where the wider loop encompass the smaller one. In one fourth oF the 
c)rcle, the device is completely pinched oif. vt^hile it is at maximum voltage 
and current in anodier quarter of a cycle. This particular circuit does nor reach 
drain voltage satuxation at this power level. 



7.4 Higher Order Frequency Multipliers 

The direct generation of harmonics of higher order can be obtained by biasing 
the device at different conducnon angles, as indicated in T'ablc 3.1. Hov^ever, 
they all require biasing the device in class C. v^^hich is more difficult to match at 
high frequencies.The biias alternatives are the order of dependent on a multiplieri 
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Drain Voltage. Vj^(t) - volts 
Ftgiire 7.31 Signal trajectory for a fret^uency quadrupler. 

Evon order 

In this case, the device is biased class AB similar to that employed in a frequency 
ddublcr, in order ro obtain a recdfied sinusoidal drain current which is rich 
in even order harmonics, A rectified drain voltage v^^aveform is also used, where 
the device is biased close to zero gate bias. In the latter cise, the harmonic 
load has to be able to short-circuit the appropriate harmoiiicSr in order to 
maintain the desired output distorted waveform. 

Odd order 

The optimum bias condition for this class of multiplier is the one diat generates 
an output waveform with disrorted positive and negative peaks. The first option 
would be CO bias the device in class A, about the center of the drain current 
.vgate voltage transfer characteristic and apply a high power ar the gate. 

The magnitude of higher harmonic components like 5th» 6rh. 7tJi, etc, 
becomes too small^ requiring a high load re-sistacce to compensate the reducrion 
in output power. However, that procedure would apply as long as the bad h 
smaller or equal than the device drain-to-source resistance. Even though higher- 
order harmonics are of low amplitude, die generation efficiency may be 
improved by taking advantage of mixing effects on the device oon linearities 
if the device terminations are properly phased as previously discussed. The 
ourput harmonic is then matched to its optimum impedance determined by the 
harmonic current component and the drain voltage swing. The FE T equivalent 
circuit can again be broken into its Fourier current source components, allowing 
the determinacion of input impedance and drain impedance. 

Published [11 J results for a x5 multiplier using the NE 67483 device 
from NEC, showed a multiplicadon gain of -7 dB from 2 to 10 GHz, for an 
applied input powder of + 1 2 dBm. The multipher was built using open-circuited 
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stubs to reject 2nd, 4th and 6th harmonic, followed by a bandpass filter that 
cleaned the aurput spectrum. 

7J MMIC Multipliers 

In recent years there has been considerable development of MMIC technology, 
resulting in avatkbiliw in the market of complete functions in a single die at 
competitive cost compared with discrete versions. A revolution similar to the 
one introduced by the Silicon ICs in the early seventies is taking place with 
GaAs Microwave ICs which is changing the way subassemblies are builr. In 
this context, MMIC multipliers are divided into two categories, one where 
multiplier chips are specifically designed for this technology and one using 
commercially available amplifier chips, 

7.5,1 Custom MMICs 

This is the most adequate approach from the point of view of electrical perfor- 
mance and overall efficiency, but the trade-off is cost. This is an expensive 
technolog)^ and such an approach is adequate if a reasonable volume is envi- 
sioned. A low cost MMIC uses minimum GaAs area, so lumped elements or 
even active elements are preferred rather than transmission lines. Any ol the 
multipher topologies presented so far can be built in MMIC form. The single- 
ended topology- of Figure 7.3 has been used recently 1 12] on a 30 to 
60 GHzdoubler. The circuitw^as built using High Electron Mobility Transistor 
(HEMT) technolog)^ and show^ed a multiplication gain of -1, 5 dB at an input 
power of 7 dBm with a 10% bandwidth centered ai 30 GHz. As pointed out 
previously, MMIC technology is aJso adequate to build balanced niultipliers 
where nearly idenrical devices can be used. An example of applicadon of 
baianced/unbaJanced topology described in Figure 7.17 has been described 
[13] in the design of a !3 to 26 GHz doubler utilizing MESFET MMIC 
technology. The first problem to design such a circuit is to define how to buiid 
a miniature balun. Conventional topologies using a inicrostrip balun can be used 
at millimeter wave frequencies where the physical dimensions are acceptable to 
be inserted on die chip, bur at this frequency an alternative was proposed. The 
authors used a coplanar to slodine transition, and then each side of the slot 
was connected to the gate, l^he circuir presented less than -4 dB multiplication 
gain centered at 12,25 GHz, and a bandwidth slightly higher than iO% was 
obtained. The maximum output power obtained was +6 dBm when biased at 
3,()V/25 ruA; the rejection of the fi^indamental frequency is gteater than 
35 dB, This type of performance simplifies post-fUrering and indicates how 
good the circuit is balanced. 
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One application of active baluns has been reported [8], where the signal 
apphed to the gate is extracted from the drain and source slmuhaneously, 
shown In Figure 7.32. At low frequencies, a signal applied to the gate of the 
active balun will generate a drain current proportional to the rnagnitude and 
phase of the applied vokage. The chain current will develop voltages on resistors 
R^l and In the former resisior, the source voltage will be in phase to the 
gate voltage due to the direct increase in current. In the latter, the increase in 
drain current will make the drain to ground voltage decrease due to the voltage 
drop on that resistor. Therefore, the drain voltage and source vokage will be 
180 degrees out of phase and the magnitude can be made equal by the right 
choice of resistors. At high frequencies> diflferent and C^^ capacitances 
generate diflferenr phase shifts at each terminal. They can, however, be compen- 
sated by adding a short transmissioii'line in the source terminal. Power will be 
dissipated in those resistors, which is a drawback compared to other alternatives. 
However, it is small and adequate for MiMIC applications. The doubling action 
is performed by the other two transisiors, where the input matching is carried 
out by transmission -lines 7^4 and 7):^, and the output reactance is resonated 
by the drain series transmission-line, Ti(y. The bias circuit for the multipli^^r 
devices in this example is done off chip. 

A miniaturized MMIC doubter topolog}^ has been proposed [141, where 
common source and common gate devices arc used to create the 180 degree 
phase shift, illustrated in Figure 7.33(a), The gate of device 1 is grounded by 
capacitor CT so that the source to ground voltage is applied reversely to the 
gate-to-source. Thus, an increase in the signal voltage applied to the source 
will increase the gate-sou tee voltage in the negative sense with a consequent 
decrease in the drain-to-source current. The drain potential will increase asstun- 
ing ir k connected to a positive supply by means of a resistance. Thus, the 
phase of applied voltage on the source will result in the same piiasc the 
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Figure 7.33 Miniaturized frequency doublet, (a) eQUivalent cireurt, and (b) simplified chip 
layout. 

signal at the drain. The phase ol the conunon source device* as previously 
discussed, is 180 degrees at low frequencies* The harmonics are generated by 
biasing the devices near the pinch -off vohage. Therefore, combining bpth 
drains, all odd harmonics are rejected and even harmonics are added. 

The dc isolation between both devices is provided by capacitor C2, The 
drain bias and dc return for the source of device 1 are done off chip. The 
realb^tion of this fiinction in MMIC is straightforward as observed tci Figure 
7, 33(b), where ihe drain is common lo both sources. 

The transmission lines in series with the gate can be used to compensate 
for phase differet^ces at the devices output. A frequency doubler built afirer this 
approach provided a conversion loss of 10 ± 1 dB over the 3 to 10 GHz 
flmdaniental Irequency band for an input power of + 10 dBm, The LO isoladon 
was better than 1 5 dB over the same band, which precludes its direct application 
over the band- It can, hov^ever, be tiseful if the band is divided into sub -bands 
diat can be covered by external filters to remove all unwanted harmonics. 

Investigation oi higher order MMIC muhiphers is now under way. An 
interesting example of a frequency quadrupler built using HEMT techno[og)% 
with a topoiog)^ very similar to the mncd quadrupler of Seaion 7.3 was recently 
reported [15]. A 15 to 60 GHz quadrupler provided a multiplication gain of 
—5 dB at an input power of 0 dBm. Due co the nature of the topology, the 
bandwidth is narrow, less than 5% for a 3 dB power variation. 

7.5.2 Commercial MMICs 

One will find on the marker amplifier blocks designed for gain, low noise, 
and mediun) power, some of which can also be used as multiphers. Although 
they might not give the best efficiencies, it is a simple way of using MMIC 
rechnolog}^ for frequenc}' muhi pliers. 
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Assume a given MMJC presents che copology ilktsrrated m Figure 7.34, 
which is ideal from the point of view of geiieraJ puipose application. There 
are two ways to employ this MMIC as a multiplieri firsts by biasing the first 
stage as a buffer amplifier, and biasing the second as a multiplier. If the second 
stage drain is direcdy accessible, then the concepts previomly described are 
still apphcable. Ail that is required is to connect a transmission-line phase- 
shifter between ihe die and the bandpass filter and adjust for best performance. 

In this case, it is possible to make a simple model tor the MMIC, with 
bonding wires and calculate the approximate dimensions of the transmission- 
line phase-shiften If there is an output matching circuit connecced internally 
to the drain, then the line s phase wiU have to be determined experimentally. 
The presence of an output matching circuit on chip will limit the performancCj 
but in genera] it should still provide usable performance. 

The second approach consists in bja5ing the first stage as a multiplier 
and the second as an amplifier. This approach works well only if the output 
stage has a reasonable gain at the desired output hannonic. In this case there 
is no means to optimizje the drain load for best efficierLcy> since it is limited 
to the load presented by the output stage > It can, however, perform adequately 
if the biasing and coupling from first to second stage rejects the llundamental. 

A com,mercial general purpose MMIC amplifier designed to operate from 
20 to 40 Gill, type HMMC-5040 from Hewlett-Packard Company, fails 
into this category [[6], and was one of the first commetdal MMICs available 
that could perform both amplifying and muhiplying fiinctions, A photo of 
this MMIC is shown tn Figure 735* It contains four amplificadon stages, the 
first of which consists of a distributed amplifier with two devices. It has a good 




Rf ure 7,34 Typical two stage MMIC ampliften 



Typkai Frequmcy Mtdtiplier Topologies 



175 




Figure 135 Photo of the MMIC-type HMMC'-5040 {Counesy of HewieU-Packard Company, 
Santa Rasa, CA). 

input match from dc to 40 GHz and can operate as an even- or odd-harmonic 
multiplier by controlling gate and drain bias. Since the coupling between stages 
cuts off sharply below 20 GHz, the remaining diree stages will amplify the 
harmonics generated by die multiplier that falls in-band. The advantage of 
this approach is its simplicity, just add a bandpass filter to the MMIC and 
apply the proper bias. A typical do u bier performance when driven by an input 
power of +14 dBm* is a gain of 6 dB resulting in nearly 20 dBm available 
power at the output. The trade-off is between the high dc power dissipated, 
nearly and the cost compared ro a discrete approach. 

The use of commercial amplifier blocks resuks in a simple way to build 
a mukiplien Depending on the die available, the multiplier may perform well 
from a KF standpoint but may be seriously inefficient from the point of view 
of dc power consumption. 'Fhercfore, it is up ro the designer ro make the 
trade-off of using commercial MMICs over custom MMICs or discrete versions. 

7.6 Harmonic Oscillators 
7.6.1 Single-ended 

A topology for an X-band harmonic oscillator has been published [17], making 
use of a dielectric resonator as the frequcncy-conrroiling element. The cirdtit 
used a package HEMT, an NE20383A from NEC, as the acdve element 



Design of FET Frequency Multipliers & Harmonic Oscillators 



was designed for fundamental oscillation at 9,0 GHz- Tlie circuit schematic 
osing microstrip lines is illusrraced in Figttre 736j and the dimensions for the 
electrical angles are in Table 7.6. 

Drain Circuit 

The drain circuit contains a matching circuit cascaded with the harmonic filter. 
The desired drain reactance at the hmdamental frequency is obtained by a 
combination of the harmonic filter s reactance plus the reactance of die match- 
ing circuit. The harmonic fiker is composed of 90 degree open-circuited stubs 
which block the fundamental frequenc}^ and the third harmonic. The filter is 
transparent to the second harmonic frequency and an open-circuited stub 
placed at a proper distance firom the drain matches the device impedance. 

Source Circuit 

Two open-circuited stubs are connected to the source, one at each lead of a 
double source package* One of diem gives the required capacitive reactance 
to generare the negative resistance at the fundamental freque^c>^ The other is 
about 180 degrees longer and stabilizes the device at lower frequencies by 
presenting a low impedance to ground- At the second harmonic, the bbs fiker 
inxro duces a low impedance to ground. 

Gate Circuit 

The oscillation condition at the ftmdamental frequency is obtained by calculat- 
ing the resonator position from the gate that gives the impedance required by 
(6,9) and (6,10). At the second harmonic, vtry low power should be wasted 




Figure 7.30 Narmomc oscillator SGheinatic diagram. 
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Table 7.6 

HarmonFC OscilJatar Network Elements 
(electric angles normalized at f(j = 9,0 GHz) 



Element No 


Eleinent Tyiie 


Parameters 






■ Series line 


4 = 50 ohm/^ = 




Phase 


Series line 


4= 50 ohm/// = 


125^ 


Ta 


Series line 


4 ^ 50 ohm/fl = 


17^ 




Open stub 


4 = 50 ohm/^?^ 


28^ 


rg 


Series line 


4 = 50 ahm/^ = 


17^ 


tm 


Open stub 


4 = 50 QhmlH^ 


90" 




Series line 


4 = 50 ohm/^^ = 


90" 


m 


Open stub 


4 = 50 Qlim/^^ = 


90^ 


m 


Short stub 


4 = 90 ohm/^ = 


450 


% 


Open stub 


4 = 30 Ghm/^; = 


24^ 




Open stub 


4 = 30 ohm/^ = 


204^ 


Series line 


4 = 90 ohm/f/ = 


90= 




Open stub 


4 = 40 ohm/^^ = 


90= 




Hesistof 







at the gate, which is accomplished b)^ placing a 90 degree open-circuited stub 
at that frequency close to the 50 ohm load. As a result, the second harmonie 
powder will increase whhout perturbing the fundamental frequency of oscillation 
and introducing negligible effects on the circuit stabilization at low frequencies. 

A circuit like diis, using a 03 X 280 fx nC gate device, was constructed 
on H) mils thick Duroid'*^ substrate from Rogers. It provided more than 
+6 dBm output power -^i 18 GHz with a 6% drain eftictenc)\ The oscUlator 
phase noke at 1 00 kHz from the carrier was equal to 95 dBc/Hz. 

1&2 Ptish-pusli Version 

The equivalent "balanced'' version for this circuit is the topology known as a 
"push-ptish*' oscillator, for a long time used by bipolar designers [18]. 1 he 
FET version is described in Figure 7.37. The push -push oscillator is a frequency 
doubling oscillator employing two transistors, each oscilladng at one-half the 
desired ouipui Irequency, The transistors oscillate ou[-of-phase with respect 
to each other, causing the fundamental frequency to cancel and the second 
harmonic to add in phase. Ptish-piish designs have several advantages over 
other topologies. Designing at one-half the frequcnc)'^ increases the resonator 
Q, decreases the parasirics that are encountered, and extends the usefiJ firequency 
rajige of transistors. The topology described next uses a dielectric resonator to 
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To 




Figure 7.37 FET Push-push oscillator, 

perform ihe function of a resonator and aUo guarantees the push-push operation 
by locking the phase of each oscilkror ar a 180 degree phase difference. 

The circuit analysis siarts by recognizing char this topology presents two 
modes of operations, namely differential or odd-mode, and common or even- 
mode. The odd mode is guaranteed by a dielectric resonator coupled to die 
two gate lines [19]i whose cross-section is represented in Figure 738, showing 
the current lines, (i.e., the magnetic field). Since the TEqi^ is the dominant 
mode for the dielecttic resonator, two magnetic dipoles exists which arc exactly 
of opposite phase at the resonant frequency. 

In the difFerentiaf mode, point A of Figure 7J7 is a virtual ground so 
that the oscillator circuit can be simplilied by the de\^ice and its feedback 
capacitance, C] , as shown in Figure 7.39. The wire bond inductance, JLi, was 
suppressed ^rom the circuit since it only has a dc return function in this mode. 
Proper device biasing has to trade-off a high gain to satisfy the conditions for 
start-up of oscillacions, and a high genetation of even harmonics in the drain 
currenu usuaJly rcquirmg class AB operation. 

Tiie start up of oscillations has to be valid in this mode of operation. 
Therefore* impedance Z4 must present a negative real part greater than the 



Ig(+) Ig(-) 




Figure 7,38 H-field§ created by the Dielectric resonator centered between two paraltel 
transmission lines. • v. 
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Figure 7.39 Odd-mode equivalent circuit. 



losses introduced by the dielectric resonator. The reactances from each circuit 
must cancel at the oscillatLon frequency. 

\-Ra\ > 

Xa^Xs=0 

In the common-mode of operation^ there shotild be no possibility of 
oscillations. In this mode, potoc A is not longer grounded, so that a symniett}^ 
can be created if common impedances are doubled, and the circuit is halved 
in the manner shown in Figure 7.40. Therefore, an additional condition has 
to be added to the previous one.The source resistor in this mode must neutralize 
the negative resistance generated by the capacitive feedback element. 

A topology similar to the one dcsctibed [19], provided +3.0 dBm output 
power around 33 to 36 GHz, The resulting phase noise at 100 kHz from the 
carrier was nearly 100 dBc/Hz. The performance of such an oscillator is a 
function of the electrical symmetry provided by the physical circuitry. Therefore, 
identical devices as well as careful circuit layout are important in this topology. 
These reqttirenncnts make this circuit an ideal option for MMIC apph cation; 
however, the gates have to be coupled to a dicfectric resonaror off-chip, A 
complete integrated version can be obtained by eUminating the dielectric resona- 
tor and connecting both gates with a half wavefength line at die fundamencaJ 
frequency, thus guaranteeing a phase shift of 180 degrees between each gate. 



son 
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Figure 7.40 Even-mode equivalent circuit 
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Appendix A: 



Reference Device 



The device used in aJJ simulations carried out in this book is the AT- 10600 
manutactured by Avantek, now Hewlett-Packard Company. This GaAs FET 
chip has a nominal 0.3 ^m-gate length with a total gate periphery of 
250 /im. The device data sheet recommends its apph cation in low noise 
applications due to its low noise figure, K8 dB @ 12 GHz with 9-0 dB 
associated gain and in power appUcations where +18 dBm @ 18 GH2 can be 
obtained. Other important parameters obtained From the Data book, are in 
Tables A J and A. 2. Noise figure parameters are on Tabic A. 3 and S -parameters 
in Tables A.4 and A. 5 tor cwo drain-current biases. 



Table A.I 

Absoltrte Maximum Ratings 



Parameter 


Syinliol 


Alisoltite lUlaxiniuin 


Drain-Source Voltage 


Vds 


+7.0 V 


Gate-Source Voltage 


Vgs 


-4.0 V 


Drain Current 


hs 




Power Oissipation 


Pr 


11^ mW 


Channel Temperature 




+175 °C 


Thermal Resistance 




225 X/W 
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Table A.2 

Sectrical Specifications, Ta ' 25 °C 



Symhul Parameters and Test Conditions Units Typicat 



NFmm Optimum Noise Figure~^= 8.0 GHz dB 1.5 

mos = 3W% = 10 mA—f= 12.0 GH2 dB . t 1.8 

^=ROfiNz dB 20 

m Barn @ NFfuia^f = B O GHz ^ 12.D 

f=!Z.OGHz ti 9.0 

f= 140 GHz M B.0 

P IdB Output Power— f= 1Z0 GHz dBm 3,0 

Vos - 5.0 V/Iqs = 30 mA— f - 12.0 Ghz d8 S.O 
1 dB compressed gam 

gm Transconductance Vqs = 3VIVgs = OV mS 40.0 

If; Pinch-off Voltage Vqs = ^VHos = 1mA V -1.5 

%s Saturated Drain Current Vqs = BVIV^s = 0 mA 50.0 



Table A.3 

Noise Parameters, V^js = ^VIh$ = 10 rnA 



Gamma Opt 

Frequency GHi NFmin Mag Ang fin/50 



0^0 .67 52 l.QB 

8.0 tit' M m 1.03 

IZO l| M "158 .34 

14.0 al jM -136 ,91 
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Table A.4 

Typical S'Parameters: Common Source, 2b = 50 O 7^ = 25 ^C @ 3V. 10 mA 









c 












n line 




Ang 1 e 




Angle 


Mag 


Angle 


Mag 


Angle 


2,0 


0J8 


-19 


2.11 


161 


0.034 


82 


0.68 


-4 


3,0 


0.96 


^28 


zn 


151 


0.051 


73 


0.67 


-6 


4.0 


0.93 


-37 


2.15 


142 


0.034 


59 


0.64 


-9 1 


5.0 


0.90 


-^1 


2.22 


131 


0.067 


74 


0.61 


-13 


B.0 


0.86 


-59 


2.27 


120 


0.1D1 


64 


0.57 


-17 


7.0 


0.8D 


-11 


2,29 


no 


0.117 


59 


0.52 


-23 


8.0 


ft74 




2,32 


100 


0.130 


54 


0.48 


-28 


9.0 


0.68 


-97 


2,33 


89 


0.143 


48 


0.43 


-36 


10-0 


0.61 


-114 


2.31 


77 


0.156 


42 


0.38 


-46 


11,0 


0.55 


-133 


2.27 


66 


0.166 


35 


0.33 


-56 


12,0 


0.52 


-153 


2.18 


54 


0.174 


28 


0.28 


-66 


13.0 


0.49 


-74 


2 JO 


44 


0,180 


21 


0.24 


-78 


14.0 


0.49 


165 


2.00 


33 


0,134 


10 


0.17 


-99 


15.0 


0,52 


144 


1.84 


2! 


0.186 


6 


0.15 


-109 


16.0 


0,54 


131 


K69 


12 


D.137 




0 13 


-121 


17.0 


0.57 


117 


53 


3 


0.189 


-8 


0.10 


-177 


13,0 


fl.SB 


105 


1.45 


-6 


0.190 




n 11 


145 








Table A.5 










Typical S-Parameters: Common Source, Zq = 50 il T/\ ~ 25 




= 5V, ks 


= 30 mA 




















Freq GHz 


Mag 


Angle 


Mag 


Angle 


Mag 


Angle 


Mag 


Angle 


m 


0J8 


-22 


3.01 


158 


0.022 


85 


0.71 


-3 




0.93 


-34 


2.98 


146 


0.029 


81 


0.70 


"5 


4.0 


0.87 


^5 


102 


136 


0.039 


78 


0.68 


-8 


5.0 


0.8t 


-59 


3.05 


124 


0.051 


76 


0.65 


-11 


6.0 


0J4 


-72 


198 


112 


0.058 


74 


0,62 


-14 


7.0 


0J8 


-86 


2J6 


101 


0.068 


72 


0.60 


-13 


8-0 


0.63 


-100 


2.80 


91 


0.075 


70 


0.57 


-22 


9.0 


0.56 


-113 


2.76 


32 


0.082 


65 


0.53 


-26 


lao 


0.51 


-130 


2.62 


72 


0.096 


68 


0.51 


-30 


11.0 


0.46 


-143 


2.5Z 


62 


0.100 


66 


0.47 


-40 


12.0 


0.42 


-156 


2.45 


54 


0.105 


64 


0.46 


--49 


13.0 


0.41 


-168 


2.37 


46 


0,1! 4 


60 


0.44 


-54 


14.0 


0.40 


164 


2.29 


33 


0.129 


56 


0.42 


-60 


15.0 


0.41 


145 


2.15 


29 


0.143 


52 


0.40 


-65 


16.0 


0.44 


132 


2.04 


21 


0.167 


45 


013 


-72 


17.0 


0.47 


120 


1.97 


11 


0J85 


40 


0.10 


-80 


18,0 


0.51 


104 


1.83 


2 


0.187 


34 


0.13 


-93 



m 
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The measured I^^ — Vj)^ plots for a typical device is represented in ttte ncjct 
figure, for Vq^^ ranging from ~L5 to +0.5 voks. The obtained //j^- is equal 
lo 62 mA @ Vos= 3.0 volts. 

The measured Ids ^ ^GS P^^^ ^ame device is shown in Figure 

A. 2, for Vps - 3-0 V, Norice that there exists a smooth square law region 
between Vqs = ~0,75 volts and --1.5 volts, and a nearly linear relation from 
Vas - -^'75 to + 0.5 volts. 

The measured Iqs ~^ ^GS p'^^ depicted in the next figure. It shows a 
leaJiage gate current of 1.5 fiA for gate voltages up to 0.5 volts and 
—1.5 volts. The gate voltage can be more negative, up to —4,0 volts, where 
avalanche current of rhe gare-to-smircc diode starts to flow. However, it is not 
advisable to apply more than 0,5V at the gate if reliability is to be maintained. 




Figure A,1 % as a function of Vqs 3nd 1/^^. 
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ioo 1 




Gate voltage, Vqs - VoUs 
Figure % as a functior^ Df Vqs @ Vqs ^ 3,0 volts. 




-1,5 -i -0.5 0 0.5 1 



Gate voltage, Vgs - Volts 
Figure A.3 Gate current as a function of gate voltage, @ Vu$ - 2-OV, 
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Matching Networks 



The primaiy consideration in the design of matching networks is the definition 
of ihe cechnolog)' employed to realize die circnii elements. At low frequencies, 
up ro a few GHz, discrete chip L, and C componenrs in surface mount 
cechnolog)- (SMT) are the most popular in the industr)''. In the microwave 
and millimeter wave range* up to 40 GHzj micros trip lines are the preferred 
means to build passive circuits in MIC technolog)% Ai higher frequencies, the 
traditional waveguides are used to build components. In MMIC technology, 
cost is proportional to chip area, therefore lumped elemenrs are used as much 
as possible for the minimum area they require. The advantage of microstrip 
elements in frequency multipliers is on their impedance- frequenq^ relation, for 
instance, a quarrcr-wave line at the fundamental frequency becomes a half-wave 
line at the second harmonic, which makes them useful to separate harmonic 
frequencie.^. Some examples of matching netw^orks employing microstrip lines 
are provided in Chapter 7. In this appendix, emphasis is on basic lumped 
elements topologies to be med in MMIC technolog)^ 



B,1 Single L Network [1] 

In this class of matching network, depicted in Figure B.l , a common mcthodol- 
og}^ is to place the reactance in parallel with the highest resistor value. The 
parallel reactance, X^, transforms the generator impedance Rg, to R-^ in seri^ 
with A reactance which is car^celed by the series reactance, X^. The matching 
condition is that the Q-factor of the parallel circuit equaJs the Q-factor of the 
series circuit. 
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figure B.l Matching of to Bg. 



The matching elements are determined by (B.l) through (B.2) and (BJ). 
Note that rhe cransformantm ratio, = R^IR\j^, determines the Q-factor. Also 
note that A',- and Xp may be positive or negative, but they ate always opposed 
CO each other. 



X^^±R^I(^ (B.l) 
+^mQi (B.2) 



A better visualizatian of the matching properties of this network can be 
obtained from its plot on the Z-ptane. For that purpose, let us spht the network 
in two; one containing the series reactance and the other the parallel one. At 
this point, let us also assume that the series element is an inductance and the 
parallel one a capacitance. The impedance as a function of frequency for each 
nenvork is illustrated in Figure B.2, 

Observe in this plot that there is only one soJution for a perfect matching. 
Tt is also observed that mismatching increases rapidly around (o„. As a matter 
of feet, the bandwidth is dependent on transformation ratio, rj^, and the device 



CO 




Rfn o>^ R, ielZ] 



Figure B.2 Matching condition in the Z-plane for the L network. 
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quality factor, Q. The higher those parameters, die lower the bandwidth, as 
depicted from Figure B3, which shows die VSWR as a fiinction of for a 
network transforming resistive ro resistive impedance. 



B.2 Double L Network 

It is clear from Figure B.3 that bandwidth is greatly reduced if the transformation 
ratio is greater than 2, Another procedure to improve bandwidth is to use a 
double L network as shown in Figure B.4, where an intermediate impedance 
is chosen between both terminations^ /?in < ^int < reducing the transforma- 
don ratio of each> therefore increasing the bandwidth. 

The intermediate resi stor ca n be determined as the geometric mean of 
both impedances, R^^^^ = ^^JR^Ri^^. The Q- factor for both sections are equal, 
Q\ = Oil and given by (B,4) and (B,5), which were derived from a parallel- 
series transformation. 




Figure B.3 Bandwidth as a function of [2]. 




Figure B.4 Dniible L matchino network. 
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- , Qi = V^.w//?in ' {B.4) 

Q2 = (B.5) 

The reactance of each circuit element is given by the quality factor of 
each R-C and R-L network. The circuit is designed to transform Rg to 
a ad the series inductance X^x can absorb the inductance required to resonate 
the gate input capacitance. 

= a>L, = ^i„Qi (B.6) 



B.3 "PI" Network 

A popular network used for impedance matching is the "PI" circuit in its 
lowpass formj as shown in Figure B.5 (i.e. two parallel cap;icttars and one 
scries inductor). The design equations ate obtained by calculating the impedanc*^ 
at the generator port and equating the imaginary part to zero and the real part 
to R^. Two equations result trom this procedure and a third one is required 
to determine aU three elements. The third condition is the Q- factor for the 
R^C\ parallel circuit which is made as small as possible for maximum bandwidth 
and minimum tnismatch. 




Figure BJ The "PI" topology. 
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m 



The required equations in fimcdon of the circuit parameters are described 
below and the first step in this approach consist in the definition of a Q-factor. 



(B.IO) 
(B.ll) 



+ 1 



C2 



mi) 



The plot of the impedances, Z| and 00 the Z-ptane. is depicted in 
Figure B.6, The impedance Z] corresponds to a parallel RC circuicj whose 
plot is a half circle as a fixnction ot frequency. The impedance Zi presents a 
more complex variation with fi-equency. 

The matching condition is obtain ed when both plots are tangent ro each 
other, at the center frequency of operation^ (o^. Comparing this matching 
condition with the one from Figure B.2, one can observe that the bandwidth 
for this topology is larger. 



B.3 Modified "L" Network 

This topolog)^, shown in Figure B.7, appliej; reactance compensation to improve 
bandwidth. An example is demonstrated for the match ot gate impedance. The 
circuit is divided into two parts: one where the input gate capacitance is 
resonated so that the input impedance is resistive at the center frequency of 
operation, and the second part is an *T ' network employed to transform the 
resulting resistance to the generator impedance. A parallel LC Gircuit resonant 
at the center frequency of operation is added to compensate the reactance 
variation of the resonated gate impedance. 



Xi, -X2 




Ri„ Re[Z] 



Figure B.6 Metching condition "Pf" network. ' i- ««i.^tr. 5*ri t^^. 
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-^^^L =0.67 13 H 

-jm^ 



Xc2^l3pF iXci=7pP ^Xp=o.2nH 



Figure B.7 The modified "L" topalogy, 



To dcrcrminc the element values, ihe marching conditions [3,4], (B.13) 
to (B J 4). and compensation conditions (B, 1 5), must be verified. The derivation 
of riiese condiiions aiialytic^illy is compltx, so ihat computer optimisation is 
the adequate tooi to djetermine the elements. 



Rely]] = M^il 

Qi --Q2 



(BJ3) 
(BAA) 
{B.15) 



vhere, 



2G 



at CO - a/Q 



simulation results for a typical MESFET gate impedance, 
1 pF, matched for die center frequency of 5 GH^j 
are shown in die of Figures B.8 and B,9- The first plot depicts the 



The 

^ 10 ohm and C^^ 



7^ 




Frequency - GHz 



Figure B J Heactancd versus frequency. 
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Figure B.9 Resistance versus frequencv. 



reaaaJice compensation of each half showing the opposite reactance sign of 
each as a function of frequency. 

Observe die cbmpensarion of reactances within the range 4 to 6 GHz, 
corresponding to more than 40% fracdonaJ bandwidth> The second plot ilJus- 
trates the resisdve matching over the same band. 

The p5or shows a nearly perfea match froin 4,5 ro 5.3 GHz, and a 
mismatch at the bandwidth extremes. Therefore, if the rargeted VSWR is less 
than l:i.5, then the bandwidth is reduced to 20% which still is an adequate 
value for a large number of microwave circuits. 
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Appendix C: 

Transferring Internal (I.V) to External 
Terminals 

The transfer of currents and voltages of an intrinsic MESFET model is carried 
out step by step, siarting with die simplified device model. The linear parasitic 
elements are described by either 'TEE'' or "pr' networks, sequentially con- 
nected to the device model. For instance, three paralJel conductances^ Yi, 
and ^3, in the form of a '*PI" network are added to the three terminal device 
of Figure C.L 

The interna) set of vokagcs and currents (LV) are transferred to the 
external terminals (r,VO, by means of the foUowing matrix equation: 



rvn 




~ I 


0 


0 


0" 




-l/,- 






0 


1 


0 


0 






K 1 






-n 


1 


0 




h 


H 




_ -^3 




0 


] 




_h_ 



(Ci) 




Figure C.1 Transfer of I,V for "PI" network. 
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In the case of a '*TEE'' network, three series impedances, Zj, Z2 and Z^^ are 
added to rhe three terminal device of Figure C,2. 

The internal sec of vokages and currents (LV) in the "TEE" network 
are transferred to the external terminals (YjV')^ by means of the following 
matrix equation: 
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This is a simple method of transferring voltages and currents, and to take 
account of the parasitics associated \^'ith a device. It is a Hnear procedure which 
can be calculated by means of simple software program. 




Figure Transfer of IV for "y^p' network. 
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Appendix D: 

Characterization of Frequency 
Multipliers 



The set-up of Figiire DT is adequate for a complete characterization of fre- 
quent' multipliers. It contains a sweep generator connected to a scalar network 
analper (SNA), which sweeps reflected signals within the fundamental fre- 
quency bandwidth. The signal from the generator is sampled by two directional 
couplers. The first is used as a power reference and the second to measure the 
circuit return loss. At the output of the multiplier there is another coupler 
connecEed to a spectrum analyzer (SA), which has the purpose of detecting 
any instability present in the circuit, as well as to measure the phase noise 
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Sweep Dirc<:ijiina] 
geueiBior coupfer 



Power meter 



Variable short 



Figure D.l Multtplier measurement set-up. 
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degradation. The signal is then fed to an isolator and a bandpass filter tuned 
at the mulriplier outpui:. In this way, the power meter and oucpui derector 
will be measuring onlj^ the desired signal* without influence of other harmonic 
signals in the measurtmern. 

Before starting any nieastLfcments, it is necessary to calibrate the test set- 
up to raJie account of losses in the measurement. The SNA should be set to 
dc mode, avoiding application of a modidated signai into a non-linear circuit. 

1. The first calibration can be done by connecting the power meter io 
place of the Device Under Test (DUT) at port I. That will allow 
calibration of input power on the DUT, by calibrating die reading 
of diode R on tlie SNA. It is important thai the power at that point 
is leveled within 0,5 dB within the frequency band, ro minimize errors 
in cKe muLtiplicatiion gain measurement. If neccssar)\ power leveling 
can be obtained by adding a coupler and cr)^sml detector before the 
input coupler and conneaing the detected dc level to the ALC loop 
provided by the sweep generator, 

2. The return loss measurement is calibrated by connccd ng a shon and 
open at port ] and normalizing the power reference in the channel 
A of the SNA 

3. The power merer is connected back at the output. The generator 
sweeping now at the output frequency band has its output power 
adjusted to the same level read ar port I. The generator is then 
connected to port 11, and the SNA h normalized ro compensate losses 
met frequency of the output hardware in channel B, The total losses 
are read from the power meter. 

4. The SA can also be calibrated at this point by offsening the power 
read in the power merer with the power indicated by the SA. 

5- The generator is connected bacJc at the input coupler and the DUT 
is connected to the test ports. Tbe SNA is then switched to the B/R 
mode ro read output power referenced to input power. 

The generator should be returned to the previous position and the DUT, 
connected as iUustnared in the figure. The power supplies are not shown in 
this diagram. The system is now ready ro be used in the characterixation of 
frequency multipliers. The first set of measurements to be taken from a multi- 
pHer is the niultipltcarion gain and input return loss over the frequency band. 
The power performance is next, and is carried out by setting the generator to 
CW, and to zero sweep, (i.e. A/ = 0, The generator is then switched to the 
power sweep mode). Thie plot on tke SNA will display the gaiu performance 
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as a funcrion of input power. The SA wil! display the output signal and also 
the level of unwanted harmonics. If the SA model is adequate, pha^se noise 
after die multiplicarion can be read direcrty from its screen. 

To deieci the circuk stability, a variable short !s connected in place of 
the bandpass filter. By changing the short position one can obser\'d on the SA 
the circuit srabiliry^ This test should also be carried out at the input, hf 
connecting the^variable short at port 1 and observing the eventual presence of 
oscillations. 
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List of Symbols 



Aq, Alt Aj^ Drain current coefficients, Curtice Cubic model 

^c?i-\' ^ai+\ Power coupling or refl^oion coefficient at the harmonics 

{n- \)An^ 1) 
& Adjust knee voltage in Statz-Pucei model 

€Lj\i Adjust knee voltage in Matetka model 

BJT Bipolar junction transistor 

B Adjust Ijys- ^^"^ Stau-Pucei * 

BVqd Ciaie-to-drain breakdown vokage 

BV(^^ Gate-to-sourcc breakdown voltage * ' 

BVd^ Drain-to-source breaikdown voltagt: 

ff DC parameter to adjust DC gain 

/Sjg Coefficient repre^ienting input phase modulation 

^t^^i^ Coefficient representing output phase modulation 

f^fji Frequency modulation index 

Adjust pinch-off voltage in Curtice Cubic model 
C^/ DC blocking capacitor 

C^^ RF bypass capacitor 

Gate- to- source capacitance 
C^g Gate-to-drain capacitance 

Drain -to- source capacitance 

C(jso Gate capacitance when ^75 = 0 

C^^ Equivalent gate capacitance 

*i ' 

2jQ3 
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Center of stability circle 
CG Conversion gain 

DRO Dielectric Resonator Oscillator 

Dqs G are-to-source diode 

Dgd Gate-ro "drain diode 

$ Srnoothing parameter for capacitance in Stacz-Pucel model 

$1* Gate modulation parameter 

A{i) Angular frequency band 

AfpeA Maximum frequency deviation 

77 Drain efficiency tj = P^^xIPnC 

Signal carrier frequency 

Modularing frequency or ofl&et frequency from carrier 
Jf|r Transition frequency; frequency w^here current gain is unity 

J^jjaaii Maximum oscillation frequency 

Electrical angle of a transmission line tn degrees 

Instantaneous angle modulation 
<^(Sii)i Phase of parameters Sn and ^22> i^ radians 

Adjust Vp modulation in 1 OM model 

F Voltage reflection coefFicieiit 

^ Small signal transconductance 

Mjj^ Large signal transconduaantx 

Gj[^Q Average large signal transconductance 

Gjifjj Multiplication transconductance ol order 

g^^ Small signal output conductance 

Gp^ Large signal output conductance = ^IRps 

GaAs Gallium Arsenide 

HBT Herero junction bipolar transistor 

HEMT High Electron Mobil it)^ Transistor 

/| 1 F u ndamen tal f re q ue n cj^- cur ren t at term i nal I 

^1 Fundamental frequency current at terminal 2 

Second harmonic frequenc)' current at termmal 1 
Second harmonic frequency current ai terminal 2 

1I> Insertion loss 

Reverse saturadon current of die Schottky barrier 

Jfj{x) Bessel fimction of the first kind, or order n and argu- 

ment -V 
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DC drain -source current ; 1 




Drain current at V(;$ =0 


% 


DC gate current ' 




DC gate- to -source current 


ho 


DC gate- to- drain current 




Leakage current due to breakdown voltage of the Schottk}'^ 
barrier ^ 


k 


Maximum drain current 




Total drain current, /^^(r) = /fjo + l^fi^osiot 




Drain bias current 

Drain current at the ^ harmonic ^ 




Peak amplimde of l^{t) » 


k 


Boirzmann constant, 1.37 X 10 ' joules/degree 


K 


StahUity coefficient 


Kx 


Impedance matching cpeffident, = 1 for a perfect match 




Gate length in 




Gate inductance ' 




Drain mductante ' • 


Is 


Source inductance 


Afm) 


Noise power density at the offset frequency - 




Length of transmission line •. '^ 




Matching Inductaaee 


A 


DC parameter to adjust DC output resistance ' 


A, 


Wavelength 


MESFET 


Metal Semiconductor Field Effect Transistor 


MMIC 


Monolitliic Microwave Integrated Circuits 


w(f) 


Amplitude modulation index 


Win 


CoeflRcient representing input amplitude modulation 


'■"out 


Coefficient representing output amplitude modulation 


MG 


Multiplication gain 




Harmonic number and/or mu it [plication factor 




Diode ideality factor 




ffigh end of the frequency band ' 


PHEMT 


Pseudomorphic High Electron Mobilit}^ Transisior 


Pdc 


DC applied power • 




Output power ^ 


^DJSS 


Power dissipated by the device 
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Output power at iiarmonic rrequenc}^ n , n ^ I, 2, 
3 . . . 


P 
nmax 


\A ' k ' 

JVLaxiniuin power a.c h uaxnionic 




Drain power at the n^^ harmonic 


P 


Oscillacor output power 


n 

* hose 


Harmonic oscillator outpuc power 




Drain oscillator power at the tondameniaJ frct^uency 




Drain OisciJiator pow^er at harmonic frequency 


p 


Averse power 


D 


Added power of an ampliher or multiplier 




electron coarge, i.ouzi x lu \^ 


ll\ V) 


C^apacitor charge as a function ol" applied voltage 




Radius of stability circle 




Load resistance at frequency m 




oourcc resistance 




Drain resistance 


P 


Gate resistance 


n 


Depletion layer charging resistor 




Channel resistance 


D 


Uptimiun Ciram load impedance 




reedback resistor 




Device resistance at rrequency <t> 


PP 


Coerhcient ror rM noise to rM noise conversion 


T 
^ aa 


Coefficient tor AM noise to AA^l noise conversion 


^ dp 


Coefficient for AM noise to PM noise conversion 


T 
^ />a 


vjH^cixLcicnr ror i rvi fiuisc to /vivi ooise conversion 




Absolute temperature, in Kelvm 


i 


Period OF sinusoidal voltage or current 




t^onduction angle in degrees 


T 


represents che time delay in the gace-50tirce voltage 


(To + TiJ 


UonducEion time 




Magnitude or signal amplitude 




Magnitude or the carrier vokage 




Control voltage; voltage applied to capacitor 




Load voltage 




Amplitude of the siugfe-sideband noise 


t^C5 


DC vokage across the gate-^source diode 
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DC volrage across the gaie-dram diode 




DC vohage across the drain-to -source terminals 




Total drain voltage V^Ai) = ^itS-^^txit 




Drain bias voltage 




jJram voltage at the n harmomc 


^GG 


Liate power supply voltage 




Drain power supply s^oltage 




Drain voltage where j^q, yl], -^3 detenmrted 




Total g^te voltage = l^o T^co^^wf 


^G^ 


Gate bias voltage 


1/ 

Vp 


Gate voltage amplitude 


I mcn-orr voicagL, yp - 1^7^ + 


Vj 


Threshold vohage 


\r 


Built-in voltage 




Internal gate voltage 




Internal drain voltage 


n 


Knee voltage 


\r 


rundamental Frequency voltage at terminal I 




Second harmonic frequency voltage at terminal 2 




Maximum drain voltage 




171 LJ *L ILIJ /y 

Voltage that describes the breakdown ettect 




1 J L' 

Load reactance at rrequency (o 




Device reactance at rrequenc)^ to 




Gate width in /xm 


Jo 


Transmission line admittance, default value - 20 mS 




Transmission line impedance, default value = 50 Ohi 




Load impedance af angular frequency o) 




Device impedance at angular frequency a/ 




Input impedance with shon-circuited drain 




Jjipur impedance with open-circuited drain 
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Index 



Active [u.ner» 125 

Additive phase noise, 9 

AM* ^c'i'Ampjicucie moduiatlon 

Amplifier 

classA 48^52, 56-57, 62-64, 68, 71^72, 
76, 78,81^2, 9% 111, 160. 170 

class B. n-5% 65-68, 76, 82^83. 86. 99, 
\67. \70 

class C. 52-59. 76, 86, 100, U 1, 167, 169 
Amplitude modulation, 5-6, 9, 51 
AT-1060C device. 183-87 
Automatic load pull. 1 23 

Balanced/ unbalanced frequency 

doublet, 157-60, 162-64, ]7t^72 
Bandpass lllter, 108, i 12, 115, 124, 152, 

160-61, 168. 175 
Bandstop fiket. l40, 152-53 
Bandwidth, frequency doubJer, S7» 90-91, 

151. 158 
BER. See Bit errot rate 
Bessei Eunotion., 7,11 
Bias 

amplifier power, 62 

ditcct sjTitKesis, 1 1 1 

frequency doublet, 148, 152. 156, 158 

frequency quadmpler, 1 67 

freq uency rripl er . 1 60—6 1 

hsuTnonic oscillator, 136-37 



harmonics generation, 52, 57. 61 . 66-72 
h igh et-otder mu 1 [ i pli ers, 1 69-70 . 

173-74. 178 
high-friequency multiplietj 76, 86 
large-signalj 81-84 
linearization, 100. 107-8 
S-panameter measurement, 41^2 

Binary' phase shift keying, 1-2 
Bipolat junction transistor, 10 
Bit error rate, 2 

Bj r. S^^jf Bipolar junction ctansistor 

Blocking capacitor, 147 

Bonding paci capacitance, 75—76 

BPF, S?jf Bandpass fdter 

BPSK. S>e Bmary phas^e shift keying 

BSF. See Bandstop fiket 

Bypass capacitor. 165 

Capacitance, 100 

feedback* 75-76 

la.cge-Kignal, 80—84 

M&SFBT. 18-21, 24, 26-27 

small-signal, 79-50 
Cavity-tuned generator. 3 
Chann^, 16 

CIass a amplifier, 48-5Z 5^57, 62-64, 68, 
71-72, 76, 78, 81-82, 99, 1 1 1 . 
160, 170 
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Class B amplifier, 52-59, 65^8, 76. 82^-83. 

86,99, 167, 170 
Class C amplifier, 52-59. 76i 86, IflO, IH, 

167, 169 
Common-mode circuit, 17? 
Co mpu rer op c i m izatioHt 96-5^7 , 1 1 7—1 9 
Condaaion angle, 52-58, 100 
Conv<?rgence problem^ 117, 141 
Coupling, oscillator, 1 30-33 
CrystdJ oscillator, I 
Curtice Ctibic model, 22— 23^ 31 
Curtice Quadratic model, 20-22, 31 

DC measurement. 33—35 

Design, high-iiequciicy multiplier, 95-97 

Device under test* 121, 200 

Dielectric rcsonatDF, 10, 177-79 

Dig] tai modulation, 1—2 

Dirac impulse waveform, l40 

Direci nonlinear s)'nthesis, 96, [OS- JO, 151 

frequency uipJer, 111-17 
Dissipated power, 64 
Doubler circnic, 137 
Down-conversion of noise, 1 
DRO. See Dielectric resonator oscillator 
Dual up'Con vers ion system, 4 
DUT. 5ar Device under test 

Even harmonics, 51, 1 11, 155, 170, 175 
Even-mode circuit, 1 78 

Feedback, high-frequency mulciplicr, 75-7'^> 

84-87, 91.96, 110 
Feedback capacitanoe, 75-76 
FET. See Field effect trarisistor 
Field effect transistor, 1 0 
Filter, low-frequenc)'' multiplier, 51 
Fourier series, 7, 1 1. 49-50, 54-55, 57-58, 

SO, 98^99, 118 
Fnurtli harmonic, 147, 168, 169 
Frequcnc)' conversion, 74 
Frequency dependence, 30 
Frequeficj' domain 

harmonic power, 59—61 

noise behavior, 1 40 
Frequency doubler, 57, 67, 87-93, 129 

bal^inced/ un balanced, 1 57—60 

haiTn on ic generator, 137—38 



linearization, iOO-8 
MMIC, 172-73 
topolo^^ 146^8 
tu ned/ si ngl e-ended , 1 4 S-52 
wideband balanced, 1 53—57 
wideband/single-cnded, 1 52—53 
Frequency dii(\., 1 

Frequency modulated flicker nois^ 5 
Frequency modulation, 6, 51 
Frequency multiplier, 3—5 

characterization, 1 99—20 1 

harmonic power and bias, 66—72, 129 

high -frequency eflficiency, 74—75 
Frequency quadruplcr, 166—169 
Frequency rripler, 111-17 

push-pull f 162-166 

single-ended, 160-162 
Fundamental equivalent circuit, 97-^98 
Fundamental frequency 

drain impedance, 130 

frequenc}'' doubler ^ 146 

harmonic load, 101—2 

harmonic oscillator. 127, 131—32 

input impedancet 102--4, 113-14 

load puM, 119-23 

Gain. 5ff Multipher gain 

Gallium arsenide, 10, 16, 91, 136, 171 

Gate bias, 136 

Gate conduction effect, 68-69 
Gate current, high-frequency 
multiplier, 78-84 
Gatenlrain diode, 35 
Gate impedaricc, 89—90 
Gate-source diode, 34—35 
Gaussian rtoise, 9 
Gunn diode osdlUior, 10 

Ham:tonic filter, 168 
Harmonic load 

frequency tripler, 111-12 

fundamental frequency, 101—2 
Harmonic load pull, 97, 1 19-25 
Fiarmonic osciOator, 127—29 

10 GHz frequency, 142-43 

5 GHz frequency, 136-42 

design approach, 1 29-33 
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push-push, 177-80 

singie-^indcd, 175-77 

smalJ-signal check, 135—36 
Harmonic power, 59-62 

dass A multiplier, 71-72 

IDSS bias, 68-71 

pinch -off bias, 66—68 
Harmonics generation^ 4, 4 5-46 ^ 118, 

frequency doubler, 152-53 

high-frequency multiplier, 73—76 

piecewise linear model, 46-56 

square law model, 56-59 
HBT. See Hccero junction bipolar rransistor 
HEMT, Sf^Hi^ electron mobility ttansistor 
Hcterojunciion bipolar transistor, 10 
High elearon mobiliry transistot, 10, 19, 

171, 173, 176 
Higher order frequenc)' multiplier, 169-71 
High-frequency muliiplicr, 73-76 

design strategies, 95^97 
High -pass ^Iter, 147 
HMMC-5040 amplifier, 174 

IDSS bias, 68-71 
IF. S^e Incennediate frequency 
IMD. See Intermodulation distortion 
impedance matching, 146 
Infmite output resistance, 69 
Input capacitance non linearity, 79 
Input conductance, 78-84 
Inptic dtive, 130 

Input impedance, 73, 83-84, 86-87, 90, 
96,98, 101-5, ilO 
frequency tripler, 112—17 
Input match, 100, 115, 153, 165 
Input reium loss, l45, 15K 153i 161-62, 

168^9 
Insertion loss, 122 
IntetTRediati; fte^iuetvcy, I 
Inr^rmodulation discorrion, 20 
Iteration, 10! 

JFET, 5ifif Junction, field efi^c cransistor 
Jitter, I, 2 

Junction field cfF«:t transistor, 1 7 
Knee voltage, 24 



Largp-sigfiai approximation^ 80-84 
Large-signaJ rransconductance, 47, 51, 

55-56, 74, 78, 87, 121 
LIBRA, 117 ' ' 

Linearization, 96-99 

ftequeiicy doubler, 100-8 
L netwotk 

double, 191-92 

modified, 193-95 

single, 189-91 
Load-on dtain current, 63 
Load pull 

automatic, 123 

fundamental ftequency, 119—23 

harmonic, 123-25 
Load termination, 87 
Local osdOacor, 1 —5 
Long time constant, 32 
Lossless transmission line, 88 
Low-frequency muluplier, 45, 100 
Lowpass fiirer, 125 
Lowpass network, 103-104^ 1 15 
Low-phas^ noise oscillator, 3, 10 

Matching drcuiE, 90, 92, 100, 115, 146^8, 

153, 155-56, 158 
Matching nervvork 

double L, 191-92 

modified L, 193-95 

PI, U3, 130-^32, 192-93, 197 

single L, 189-91 
Marcrka^Kacpraak model, 28-29, 31 
Maximum energy transfer, 78 
Majcimum radio frequency power, 64, 66 
Medium-band design, 1 5 1 
MESFtrr. Jre Metal semiconductor field 

cfTect transistor 
Metal semiconductor field eflect 
ttarsistor, 10, 13—16 

analytical modds, 19-28 

ff eq uenty dou bl er, 9 1 

model accuracy, 32—33 

mo del descrip t io n , 18-19 

modd determination, 33—42 

staiic charactcrisrics, 16-19 

table-based models, 28-3 1 
MIC. Microwave integrated ciicuic 
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Microwave ijiregrated ciroiit, 16, 146 
Microwave tr^sistor, 85 
Mismatcli loss» 122 

Mixingt fiindamecital frequencjr, 74-^5 
MMIC, Set Monolithic microwave 

integrated circuit 
Modded impedancei 120-2 J 
Monolithic mi cto wave integrated 
Circuit, 16, 146, 156 
commercial, 173-75 
ci£5tom» 171-73 
mQAM . Sre m-qn adrat u re am p I i tu de 

modulation 
m-quadiature amplitude modulafionj 1 
Multipiication ratio, 55 
Multiplier, frequency. S^<r I^requency 
multiplier 

Multiplier gain, 52, 37-^9, 91. 95, 100, 
106, 110, 113, J 16, 145-47, 
150-51, 156, 158. 168^71 

Narro wb and m u Itip I i er, H 5 

NE 20383A device, 176 

NE 67483 device, 170 

NE 71083 device, 167 

Nonlinear conductance, 4 

Nonlinear MESFET, 13-16 

Nonlinear reactance, 4 

large-signal approximation, 80—84 
small -signal approximation, 79 

Non-Quasi-Static model, 30 

Odd harmonies,45, 51, 71,73, 100, 111, 
112, 155, 161, 170-70, 175, 
178-79 

On region, l49 

Operating point definition, 100 
Optimization approaches, 117-19 
Output conductance ^ 76-7S, 

nonlinear ity, 74—75 
Output liajmonic equivalent circuit, 97-98 
Output impedance, 73, 96, 98» lOl, 104-5, 

114, 151-52 
Output match, 100, 115, 165 
Output pow^, 95 J 13, 130, 145 

Parallel reson^ce, 104, 160 



Parasitica, 73-75, 96, 98, 108, 1 10, IIS, 

160, 161, 177 
Parasitic series resistance, 35-37 
Parseval's theorem, 60 
Performance parameters, frequency 

mLUiipHei', 145 
Pmtirbarion theory, 135, 140 
Phase modulation, 5, 9. 51 
Phase noise, 1 

digital racho, 2—3 
frequency doubler, 92—93 
fundamental eqyations, 5—10 
Phase-shifter, 1 12, 1 15. 124, 160 
PHEMT. See Pseudomorphic high electron 

mobihty transistor 
PI network, 113, 130-32, 192-93, 197 
Pieccwise linear modd, 46-56 
Pinch"ofF voltage, 18, 20, 22, 26^27,46, 
66-68. 79,81,100, 111, 136. 
148. 152, 162, 173 
PM, S^^^ Phase modulaiion 
Power balance, 59. 127-29, 138-39 
Power dissipation, 61 , 84 
Pseudomorphic high electron mobility 

transistor, 10, 19 
Psptceslmdation, 105-8, 116-17, 140 
Pulsed measurement, 32—33 
Push-pull fret^uency triple r, 162-66 
Push-push harmonic oscillator^ 177-80 

QAM, Ste Quadrature ar^ipJitude 

modtilation 
Q^factor, 10, 89, 90, 141, 145, 158, 177, 

189, 191-93 
QPSK. ^jf^ Quadrattire phase shift keying 
Quadrature ampiiiiidc modulation, 1—3 
Quadrature phase shift kej'ing, 1—2 
Quasi -linearization, 98 
Quasi-static assumption, 15 

Radio frequency measuremem, 38^0 
Ratrace coupler, 158—59 
Ratracc hybrid, 164-65 
RC circuit, 148 
Rc'ceptor convention, 130 
Reflection coefficient, 1 34-35 
Resistance, negative, 1 33-34 * 179 
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Resistive load, 62, 64-65, 152 
Reverse-b i as Sch onky d i ode, 2 0-2 1 
RF measurement. See Radio frequency 

measurement 
RLC circuit, 134, 136 
Root model, 29-31 

SA. Spectrum analyser 
Saturated drain current, 17 
Scalar network analyzer, 1 99, 200 
Schottk>'-barrier diode, 4— 5, 10-13, 16, 

18^19, 33-34,45, 75 
Schottky-j unction diode, 20-21 
Second harmonic, 104-7, 114-15, 124, 

130, 139^0, 146-48, 153, 

156. 161, 167-68 
Self-bias circuit, 69, 136^37, 148, 156, 

165-^ 
Series resistance, 35-37, 40 
Signal generaior quality^ I 
Sihcon bipolar j una ion transistor, 10 
Simuiarors, 105-^J, 11(5^17 
Single-ended harmonic oscillator, 175—77 
Sinusoidal gate voltage, 54 
Small-signal apptojdination, nordinear 

reactance, 79 
Small-sign aJ check, oscillation, 133-36 
Small'Signal transconductanccj 51, 55, 

64, 105 

Smith chart, 85-S6, 120, 121, 155 
SNA. Scalar network analyEer 
S-parameter measurement, 33, 38—39, 

4l-i2, 9a 
Spectnun analyzer, 121, 124, 199,201 
Square law model, 56-59 
Stability, long-term and 

shoiT-tenn, 1, 100, 145 
StahiUty rheoty, ampUfler, 85-87 



StabUized oscillation, 134-36 
StabilbJng resistor, 117 
Staiz-Pucel model, 22-27, 30-31 
Swing, current, 62, 70-71, U 1 , 130* 148 
Symmetrical trapezoid, 50—51 

Tank circuit, 1 40 
Taylor scries, 79-^0 

TEE network, 113, 130-33, 139* 197-98 
Terminal voltage, 37— 3S 
Thermal effect » 32 

Theonodynamic balance of power, 127—29 
Third harmome. 111, 113-15, 147-48, 

J 52, 161, 16^5, 167 
Threshold voltage, 17—18 
Time domain technique, 140 
TOM. See Triquint Ovm model 
Transconductance, 100 
Trap effect. 30, 32^33 
Trapezoidal wave shape, 50 
Triquint Own model, 27-28, 31 
Tuned frequency' doubler, 1 48—52 
Tuned load, 64-65 
Ttioer, active, i 25 
Tuner impedance, 1 19—20, 122 
Tuning screw. 147 

Up-con version system, 4-6 

Varactor diode, 4 
VCO, 3^ 

VSWR, 107, 122, 153-54, 156 

Wavi!guide output, frequency doublerj l47 
Wideband balanced frequency 

doubler, 1 53-57 
Wideband frequency doubler, 152-53 

Ytrium iron garnet, 10 



